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CHAPTER I

INTRODUCTION

Adsorbent technology employing specificity towards a broad range of target molecules
is becoming increasingly important for a variety of applications such as filtration, separation,
purification and/or storage of fluids. The development of newer, more efficient adsorbent
materials is a growing concern for civilian, first responder, and military uses.

Some commercial applications include desiccants, ion exchange, catalysis, and filtra-
tion of breathable air in a toxic environment containing harsh chemical contaminants. The
most common adsorbents used for such applications fall into four major categories: carbons,
zeolites, silicas, and aluminas. Activated carbon has traditionally been used as an all purpose
adsorbent given its hydrophobic nature. It was commercialized during World War I for its
use in filters to remove harsh chemical agents from the air. Zeolites are aluminosilicates of
alkali earth elements accommodating cations such as sodium, potassium, calcium, magne-
sium and others. Given their unique surface chemistries and microporous, crystalline pore
structure, they have been commercialized for their use in ion exchange and catalysis. Silica
and aluminas have mainly been commercialized for their use as desiccants. !

This dissertation is focused on the development and characterization of novel, nanoporous
adsorbents and how they compare with similar commercial analogues. In the approach to
synthesize unique porous materials, an underlying theme involving the use of metal salts
exists in this research. The oxidation and reduction tendency of metals occurring naturally
as salts provides excellent reactive potential that can be useful for selective combination with
various chemical species. For this reason, metal salts are employed in this work not only as
precursors for synthesis, but also as reactive moieties for further functionalization of existing

high performance adsorbents.



In a recent memorandum by the Toxic Industrial Chemical/Toxic Industrial Material
(TIC/TIM) task force,? a list of prioritized hazardous chemicals of interest showed light
gases such as NHz an SO, in the top ten. Due to their high volatility, light toxic gases at
low concentrations are difficult to capture. For use in potential filtration applications, novel
adsorbents must have broad scale capability against many types of adsorbate molecules.
Therefore, the majority of materials synthesized in this research will incorporate metal salts
as functionalities on a biphasic carbon silica composite (CSC) adsorbent to target a wide
range of low concentration, light gases with NH3 and SO, as representatives of both ends
of the spectrum (reducers/basic gases and oxidizers/acidic gases). As the primary mea-
sure of performance, an equilibrium capacity will be calculated representing the quantity of
NH3 /SO, able to be captured per weight of the adsorbent. Other characterization techniques
such as powder X-ray diffraction, thermogravimetric analysis, porosimetry measurements,
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), Raman spectroscopy,
X-ray photoelectron spectroscopy, and electron microscopy will be used in this project to un-
derstand the pore structure, chemical composition, surface reactivity, surface functionality,
and overall adsorption behavior of the synthesized adsorbents.

In order to design and synthesize an effective adsorbent, it is important to understand
the interactions between the adsorbate and the adsorbent. Along with the understanding of
the adsorbate-adsorbent interactions, the surface area and porosity of the adsorbent must
be taken into consideration. An effective adsorbent having a high surface area as a result
of high porosity must be nanoporous. Three basic forces that make up adsorbate-adsorbent
interactions include dispersion, electrostatic and chemical bonds.! Adsorption as a result of
dispersion and electrostatic forces is known as physical adsorption (or physisorption). On the
other hand, adsorption resulting in the formation of a chemical bond between the adsorbate
and the adsorbent is known as chemical adsorption (or chemisorption). Most commercial

adsorbents perform physisorption on adsorbates, although chemisorption binds adsorbates



irreversibly. Therefore, it is important to take advantage of chemisorptive properties of
materials such as metal salts during the design and synthesis of novel adsorbents.

In Chapter 2, the CSC along with its mesoporous MCM-41 precursor were function-
alized with a number of single, water-soluble metal salts to introduce active sites of ad-
sorption that can potentially react irreversibly to capture the representative TIC targets.
Salt-containing MCM-41 materials were shown to have increased ammonia adsorption given
the exposed hydroxyl surface of the mesoporous silica along with larger pore volumes for
higher metal loadings. CSCs with metal salts had comparable ammonia capacities and
much more significant sulfur dioxide capacities given the addition of a basic carbon phase
with an affinity for acid-forming gas. KoCO3 and ZnCl, were found to be the most effective
individual impregnants for NHz or SO, adsorption, respectively. 3

In Chapter 3, the addition of both K;CO3z and ZnCly sequentially on CSC as well
as other single phase substrates was shown to react via in-pore synthesis to form a well-
dispersed insoluble ZnCO3. Found to be effective as individual impregnants, the combination
of both metal salts to form a precipitate resulted in the consolidation of high NH; and SO,
capacities. Washing the in-pore synthesized material with water resulted in the removal of
only unreacted potassium and chlorine ions leaving behind the newly formed precipitate.
As compared with solution impregnation of poorly dispersed, pre-synthesized ZnCOg, the
in-pore synthesis via dual salt functionalization provided greater TIC adsorption.

In Chapter 4, dual salt functionalization of various combinations of metal chlorides
with potassium carbonate or potassium phosphate was shown to form insoluble precipitates
on CSC and MCM-41. The adsorption performance of the precipitates was justified by differ-
ences in the pH of the functionalized materials. The acidity of the metal chloride or basicity
of the potassium salt alone did not influence the overall pH of the dual functionalized ma-
terial. Zinc chloride, copper chloride or potassium carbonate containing composites yielded

significant increases in TIC adsorption, while composites containing magnesium chloride or



potassium phosphate did not. The incorporation of KoCO3 and ZnCl, to form ZnCO3 on
CSC provided the highest adsorption capacities for both NH3 and SOs.

In Chapter 5, the presence of metal salts as building blocks during the synthesis of
porous materials was explored. Metal-organic framework (MOF) materials possess well-
ordered crystalline structures containing extremely high surface area and pore volumes lead-
ing to significant potential in light gas storage applications. In this characterization study,
the well-known water stability issues with MOF materials® were studied using carboxylate-
based MOFs analyzed with spectroscopic measurements before and after exposure to vari-
ous levels of hydration in order to interpret manipulations in chemical bonding as a result
of water adsorption. Cu-BTC, known to degrade in humid conditions, was examined via
Raman spectroscopy and results showed that upon water adsorption, copper dimer bonds
that hold the backbone of the structure together were broken, ultimately leading to its
degradation. Mg-DOBDC showed higher susceptibility to water as evident by permanent
IR peak shifts and peak dissolutions when examined via diffuse reflectance infrared spec-
troscopy (DRIFTS). Other MOFs such as Fe-BTC and Ni-DOBDC showed little change in
spectroscopic signatures even after extreme water exposure, justifying previously determined
stability differences.

Finally, Chapter 6 summarizes the major conclusions and some recommendations for

future work as a result of this research.
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CHAPTER II

FUNCTIONALIZATION OF CARBON SILICA COMPOSITES
WITH ACTIVE METAL SITES FOR NH3; AND SO, ADSORPTION

2.1 Introduction

Recently, our group has developed a biphasic carbon-silica composite (CSC) material
to target a wide spectrum of adsorbates. ! Originally reported by Glover et al.,! this biphasic
adsorbent consists of a polar siliceous phase and a non-polar carbonaceous phase that has
been studied for the adsorption of various light gases such as carbon dioxide, methane,
ethane, and nitrogen. The CSC consists of a carbon phase derived from polyfurfuryl alcohol
and a silica phase comprised of MCM-41.

MCM-41 is a mesoporous silica material that belongs to the M41S family of materials
developed by Kresge et al.* of the Mobile Oil Corporation. MCM-41 contains a well-ordered
structure with well defined hexagonal pores that are tunable in size. Though the walls of
calcined MCM-41 are made of multiple Si-O-Si bonds, the pore surfaces contain free hydroxyl
groups. These free polar groups serve as useful sites for adsorption, which ultimately make
MCM-41 a very good base adsorbent material, especially for interactions with polar gases
such as NH3. 47

The thermosetting polymer polyfurfuryl alcohol (PFA) has been extensively studied
by Foley et al.®% When polymerized furfuryl alcohol undergoes pyrolysis at high temper-
atures (>300 °C), the ether linkages within the furan ring break apart and react to form
polyaromatics and several carbonyl functionalities. By 600 °C, CH4, CO, CO,, and H,O
are released from the resin to form an amorphous carbon with an extensive microporous
structure having pores smaller than 10 A. The basic nature of the carbon derived from PFA

promotes the adsorption of acidic/acid-forming gases such as SO,.3%?



The synthesis of CSC simply involves the addition of furfuryl alcohol, with toluene
as the solvent, to a pre-synthesized sample of MCM-41. The furfuryl alcohol is allowed to
disperse through the pores of the silica and polymerize. After polymerization, the product
is subjected to pyrolysis/carbonization, resulting in the formation of the biphasic material
containing porous carbon within a well ordered silica matrix. The performance of CSCs
for use as a biphasic adsorbent was tested by Furtado et al.® via full breakthrough capacity
measurements for NHz and SO,. Relative to the independent precursors, PFA-derived carbon
and MCM-41, the CSC showed an improvement in the SO, capacity and a comparable NHj
capacity, attributed to the basic nature of the carbon and the remaining exposed silica
surfaces, respectively. The formation of micropores after carbonization diversified the pore
size distribution of the material, which helped to promote adsorption as well.

In other work by Furtado et al.,” various metal salts dissolved in an aqueous solution
were mixed with calcined MCM-41 via a wet impregnation through which metal sites ac-
cessed the porous network of MCM-41. The water solvent was removed through evaporation
resulting in the synthesis of metal-salt-containing-MCM-41. The salt incorporated MCM-
41 materials were tested for only NH; adsorption. It was concluded that [Zn Salt]-MCM-41
(from ZnCly, ZnSOy, and Zn(NO3)2), Cu(NO3)e-MCM-41, and Fey(SO4)3-MCM-41 provided
the highest capacities, between 6-7 mol NHj/kg total sample after being dried at 120 °C.

Dahn et al.1%!! also studied the effects of metal salt functionalization on toxic gas ad-
sorption. In their work, however, the salts were loaded on commercially purchased activated
carbon via incipient wetness rather than on synthesized mesoporous silica loading via “wet”
impregnation as with Furtado et al.” In one study, Dahn et al.'! analyzed NH; adsorption
as a function of ZnCly loading on activated carbon. Their results show that a maximum
capacity of 2.7 mol NH3/kg total sample was obtained at a loading of ~30 wt% ZnCly. They
also concluded that the stoichiometric reaction ratio, x, between ZnCl, and NHj3 to form

Zn(NHj3),Cly, at the loading of ZnCly that resulted in the highest NHj capacity, was ap-



proximately 1.65. According to their results, this reaction ratio is dependent on the partial
pressure of ammonia used in the capacity measurements, which in their case was 1000 ppm
by volume. In a separate study, Dahn et al.'° also analyzed SO, adsorption as a function of
K>COj3 loading on activated carbon. From that work, their results show that a maximum
capacity of ~1.8 mol SO, /kg total sample was obtained at a loading of ~20 wt% KyCOs.
The goal of this study is to extend the filtration capability of one adsorbent mate-
rial to target both basic and acidic gas adsorbates. Building upon the strategies used by
Furtado et al.” and Dahn et al.,'%!! the biphasic CSC material originally designed for this
purpose is further enhanced by the incorporation of metal salts to promote the adsorp-
tion of both NH3 and SO,. Similar to unsaturated metal centers in MOFs, metal cations
in zeolites, and impregnations within activated carbon, the addition of metal salts within
CSCs is expected to enhance adsorption by providing sites for potential redox reactions and
chemisorption. Therefore, a variety of water-soluble metal salts similar to the ones found to
be effective within MCM-41 and activated carbon will be incorporated into the biphasic ad-
sorbent. Specifically, ZnCly, CuCly, MgCly, Cu(NO3)s, KoCOs3, and K3PO, are added to the
CSC at various concentrations. Along with performance measurements from breakthrough
capacities, the structural integrity and textural properties of the synthesized adsorbents are

characterized.

2.2 Experimental Methods
Materials

Tetraethyl orthosilicate (TEOS) was purchased from Sigma Aldrich. Hexadecyltri-
methylammonium chloride (CTAC, 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 Scientific. Furfuryl alcohol (99%) and toluene (99%) were purchased from
Sigma Aldrich. Zinc chloride (ZnCly), potassium carbonate (KoCO3), potassium phosphate

(K3POy4), and magnesium chloride (MgCly) were purchased from Sigma Aldrich. Copper

8



nitrate (Cu(NOj)2) and copper chloride (CuCly) were purchased from Fisher Scientific. Gas
cylinders of 1500 ppmv ammonia in helium, 500 ppmv sulfur dioxide in He, and ultrahigh

purity helium were purchased from A-L. Compressed Gas.

Synthesis Procedures
MCM-41

The synthesis of MCM-41,'? involves a liquid crystal templating mechanism in which
an ionic surfactant (e.g., CTAC) of certain chain length is mixed into a polar solution (ammo-
nium hydroxide in water). After the added surfactant groups conglomerate to form micelles,
a solution containing TEOS is slowly added, which interacts with the polar head groups
to form a liquid crystal around the boundary of the micelle. The silicate source forms a
templated silica matrix taking on the shape of the surfactant micelles. Upon completion
of the synthesis, the surfactant is burned off during high temperature calcination (550 °C),

leaving behind the well-ordered mesoporous silica matrix.

CSC

The synthesis of the carbon silica composite (CSC) involves the deposition of the
carbon source within the pores of pre-synthesized MCM-41. An aqueous solution containing
~0.1 g of AICl3 is mixed with ~0.9 g of calcined MCM-41 to increase the acidity of the pores
and promote polymerization of the furfuryl alcohol on the substrate. This solution is dried
and re-calcined at 540 °C. Then, a carbon precursor solution containing 4 mL of furfuryl
alcohol with 46 mL toluene (~8% by volume furfuryl alcohol) is allowed to polymerize
onto the aluminated MCM-41 at room temperature for 3 days. After this, the solution is
placed into a Parr reactor and heated in an oven at 80 °C for 24 hours to ensure complete
polymerization. The as-synthesized product (filtered and dried) is subject to pyrolysis under

a Ny purge stream at 600 °C, and carbonization occurs to form the biphasic CSC material.



Compared to the original CSC synthesis procedure of Glover et al.,! our carbonized CSC
material consists of a 90% reduction in furfuryl alcohol content during synthesis. Herein, this
optimized material with enhanced adsorption capacities relative to the original composite

material is referred to as CSC.

CSC with Metal Salts

The synthesis of CSCs with metal salts is conducted via incipient wetness impregnation.
In this procedure, an aqueous solution containing the metal salt of interest is dribbled onto
the pre-synthesized CSC until wet and allowed to air dry. After removal of water through
evaporation, the desired quantity of metal salt remains within the pores of the CSC. Various
concentrations of each metal salt (10, 30, 50, 65 wt%) are added to the CSC as well as
to MCM-41 for comparison. After impregnation, to further remove any adsorbed water,
samples are degassed in a vacuum oven at 60 °C for a minimum of 2 hours prior to any
characterization. The resulting fine powders are used for characterization and adsorption

performance measurements.

Materials Characterization
Porosimetry

For textural characterization, adsorption equilibrium isotherms are measured using a
Micromeritics ASAP 2020 at -196 °C with nitrogen as the analysis gas. Before analysis,
approximately 0.1 g of each sample is degassed under vacuum (20 pbar) and heated to 120
°C. The BET method was used to determine surface areas. The reported pore volumes,

calculated using density functional theory, correspond to P/FP, = 0.99.

X-ray Diffraction
Powder X-ray diffraction patterns were used to confirm the long-range structure of the

base composite material made from mesoporous silica. These patterns are measured using a

10



Scintag X1h/h automated powder diffractometer with Cu target, a Peltier-cooled solid-state
detector, a zero background Si(5 1 0) support, and a copper X-ray tube as the radiation

source.

Microscopy

Transmission electron microscopy measurements are performed using the FEI Tecnai
Osiris consisting of a fully digital 200 kV S/TEM system that allows EDX signal detection.
STEM images provided color-coded spatial resolution of specific elements of interest for each
sample. Samples are prepared by dissolving small quantities (~10 mg) of adsorbent in 5 mL
of HyO. The solution is dribbled onto a lacey carbon TEM grid and allowed to air dry before

analysis using the microscope.

Adsorption Capacity

As the primary measure of performance, adsorption capacities are calculated from
room temperature gas adsorption of NH3 and SO5 on all synthesized materials using break-
through measurements. These measurements are performed using a breakthrough apparatus,
a schematic of which is shown elsewhere.” With accumulation of target adsorbate in the gas
phase being negligible relative to that in the adsorbed phase, the capacity of the adsorbent

material, n (mol adsorbate/kg adsorbent), is calculated from

n:%/ooo(Co—C)dt (1)

where Cj is the feed concentration in units of mol/m?, and C'is the effluent concentration at
time ¢t. The volumetric flow rate of gas through the adsorbent bed, F', is held constant at 25
sccm. Once adsorption is complete, the efluent concentration of analysis gas measured by the

mass spectrometer in the apparatus mentioned above is normalized as the inlet concentration,
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Co, from the feed. The mass of the sample, m, varies between 15-30 mg and is contained in
a small cylindrical adsorbent bed with an internal diameter of 4 mm.

The standard deviations in adsorption capacities that is representative of differences
between measurements on the same sample is approximately 6% and 3% for NH3 and SO,,
respectively. These are calculated from several measurements of NH3 and SO, capacities
on MCM-41 synthesized from the same batch. For many of the synthesized adsorbents in
this study, in order to confirm reproducibility, the materials were re-synthesized (multiple
batches). This implies that deviations in capacity measurements for the same material are
due to not only the standard deviation from measurement to measurement but also differ-
ences in batch-to-batch synthesis of the same material. Overall, the error in NH3 and SO,
capacities reported, calculated using capacity measurements of MCM-41 synthesized in three

separate batches, is approximately £12% and +9%, respectively.

2.3 Results and Discussion

To appropriately understand the differences between metal functionalization of MCM-
41 and CSC, as well as the effect of increasing salt content, six representative materials are
analyzed using X-ray diffraction, porosity, and microscopy techniques. These adsorbents are
MCM-41, CSC, [10 wt% ZnCly|-MCM-41, [10 wt% KoCO3]-MCM-41, [10 wt% ZnCly|-CSC,
[10 wt% KyCO3]-CSC, and [50 wt% ZnCl,]-CSC.

Porosimetry

Nitrogen adsorption equilibrium isotherms for the selected materials are shown in Fig-
ure 2.1. MCM-41 has a Type IV isotherm based on the IUPAC classification scheme. It has
an inflection point located at a reduced partial pressure, P/P,, of ~0.3 and some hysteresis
during desorption, which is characteristic of capillary condensation in the mesopores. The

CSC material is both microporous and mesoporous and exhibits more Type I behavior than
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Type IV, given the lack of an inflection point as well as a sharper increase in adsorbed Ny
at low P/P, followed by a more rapid leveling off as P/P, approaches 1. The addition of
a carbon phase also significantly reduces the amount of adsorbed nitrogen, which is likely
due to steric limitations caused by smaller pore sizes. Upon functionalization with metal
salts, isotherms maintain Type I behavior and as the salt content increases, the quantity of
nitrogen adsorbed decreases compared to the non-impregnated substrate. This indicates the
inability of nitrogen to access adsorption sites due to pore blockage and agglomeration of
incorporated metal salts.

Pore size distributions for the same materials are shown in Figure 2.2. As expected, it
is evident that a large percentage of the pore volume for MCM-41 has a pore size centered
at approximately 35 A. Relatively sharper peaks for MCM-41 are shown given the uniform
pore sizes developed through the controlled synthesis procedure. For the CSC and metal
impregnated materials, significant amounts of the pore volume are shifted towards the mi-
cropore region and centered around pore sizes smaller than 20 A. The broadened distribution
implies that carbonization and further functionalization reduces the uniformity of pore sizes.
Overall, functionalization with metal salts results in smaller pore-sized adsorbents due to

the successful incorporation of metal salts in the pores of both the CSC and MCM-41.

Adsorption equilibrium isotherms also allow a quantitative analysis of textural char-
acterization via surface area and pore volume calculations as shown in Table 2.1. Surface
area measurements directly correlate to the quantity of nitrogen adsorbed. Calculated using
the BET method, upon introducing a carbon phase and/or further functionalization with
metal salts, the surface area decreases compared to parent MCM-41 or single phase carbon
materials such as BPL activated carbon. Similarly, the pore volumes also decrease upon
functionalization with metal salts, as should be expected. Drastic changes in pore charac-
teristics are seen with increased salt concentrations as a result of agglomeration and pore

hinderance issues.
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X-ray Diffraction

XRD patterns shown in Figure 2.3 are analyzed to interpret the structural integrity of
the pores of the synthesized adsorbents. MCM-41 is a well-ordered structure with distinct
peaks in the low angle spectrum. The strongest peak at ~2.5° 20 corresponds to the (100)
basal plane. Two peaks between 4.5° and 5.5° 260 correspond to the distance between planes
(110) and (200). The addition of an amorphous carbon phase causes an interference in signal
as shown by reduced intensities. The CSC structure indeed maintains the hexagonal order
of the silica backbone as evident by the similarity of identifiable peaks relative to MCM-41.
Similarly, patterns for the selected MCM-41 and CSC materials functionalized with metal
salts also reveal evidence of an ordered phase showing characteristic peaks. Increased load-
ing of metal salt on each substrate results in apparent diminishing order of the silica phase,

which is due to interference from the incorporated state rather than reduced “crystallinity”.

Microscopy

TEM images of the selected materials are shown in Figure 2.4. All samples show
evidence of mesopores from the MCM-41 contribution. The well-ordered porosity of each
synthesized adsorbent is evident in theses images through axial and radial planes (in cylin-
drical geometry) as seen by parallel lines and/or honeycomb-shaped matrix. To confirm
the well-mixed dispersion of metal salt impregnants on the CSC substrate, STEM images
of ZnCly-CSC shown in Figure 2.5 provide spatial resolution of each element present in the
sample.  Well-ordered porosity is further shown in STEM images of silicon, oxygen, and
carbon atoms that make up the base material. Results confirm that successful incorpora-
tion of ZnCl, is achieved since the zinc and chlorine atoms line the pores of the adsorbent

throughout the material rather than agglomerate in a specific part of the sample.
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Adsorption Capacity

The effect of single-salt functionalization on the adsorption capacity of NH3 and SOq
is shown in Figures 2.6 and 2.7, respectively. The capacities shown represent an average of
multiple measurements. Metal functionalization on CSCs is compared with functionalization
on MCM-41. In general, on a total weight basis, the NH3 capacities of CSCs with metal salts
are lower than the NHj3 capacities of MCM-41 with metal salts. Since the only difference
between these materials is the addition of a carbon phase, the smaller pore size distribution
in CSCs with metal salts limits the accessibility of NH3 molecules to traditional adsorption
sites. This implication is supported by previously mentioned N, adsorption equilibrium
isotherms that show reduced surface areas and pore volumes for the composite relative to
MCM-41 as well as reduced surface areas and pore volumes for the CSCs with metal salts
relative to MCM-41 with metal salts. When comparing simply MCM-41 and CSC, the
addition of a carbon phase does not reduce NH3 adsorption capacity. This suggests that the
addition of metal sites via further functionalization comes at the cost of losing traditional
NHj3 adsorption sites on the base material due to reduced porosity. On the other hand, as
a benefit of adding a carbonaceous phase, the increased basicity from nucleophilic carbon
promotes acidic gas adsorption. Therefore, on a total weight basis, the SO, capacities of
CSCs with metal salts are higher than the SO, capacities of MCM-41 with metal salts
materials.

A comparison between the effectiveness of various salts yields multiple high perfor-
mance candidates for each adsorbate. Among both MCM-41 and CSC functionalized mate-
rials, the incorporation of ZnCly and Cu(NOjs), results in the highest NHj capacities. NHy
capacities up to 7.6 mol/kg and 8.8 mol/kg were obtained with ZnCly and Cu(NOj), in-
corporation, respectively, on MCM-41 with concentrations greater than or equal to 50 wt%.
NH; capacities up to 5.8 and 3.9 mol/kg were obtained with ZnCl, and Cu(NOj)s incorpo-

ration, respectively, on CSC with concentrations between 10-30 wt%. As was reported by

21



-®- ZnCl,-MCM-41
-©- MgCl,-MCM-41
- K,CO,-MCM-41

NH; Capacity (mol/kg total sample)
N w B~ (@) (o)} ~ oo ©
]

AT T T 8- K,PO,-MCM-41
. ’(f_\): G 3 Y
o “~._ A Cu(NO,),-MCM-41

1 & O . CuCl,-MCM-41

S @
e

e

L I = SO

0 10 20 30 40 50 60 70 80 90 100
wt% metal salt

9
@ g
s 8
§ 7 -®- ZnCl,-CSC
— -5 MgCl,-CSC
<6
Re) & K,C0,-CSC
g‘ 5 = K,P0,-CSC
© -4 Cu(NO,),-CSC
E 4 - CuCl,-CSC
2
8
@ 2
o
(g
I
Z

0 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
wt% metal salt

Figure 2.6. NH3 adsorption capacity measurements for MCM-41 and CSC functionalized
with select, single metal salts.
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Furtado et al.,” the chemisorption reaction between gaseous ammonia to form a salt complex
results in high capacities with ZnCly functionalization. The displacement of nitrate ions in
the aqueous solution prior to functionalization may allow for hydrated copper sites to also
form ammonia-salt complexes resulting in high capacities with Cu(NO3), functionalization.
Incorporation of potassium containing salts, KoCO3 and K3POy, on both substrates hindered
NHj; adsorption given their high alkalinity in solution.

Among both MCM-41 and CSC functionalized materials, the incorporation of potas-
sium salts KoCO3 and K3POy resulted in the highest SO, capacities. SO5 capacities up to
0.23, 0.27, and 0.23 mol/kg were obtained with K,CO3, K3PO,4, and MgCl, incorporation,
respectively, on MCM-41 with concentrations between 10-50 wt%. SO, capacities up to 0.51,
0.49, and 0.47 mol/kg were obtained with KoCOg3, K3POy, and Cu(NO3), incorporation, re-
spectively, on CSC with concentrations between 10-30 wt%. The increased alkalinity of
the adsorbent upon the addition of potassium salts promotes interactions with acid-forming
gases like SO,. The ability of Cu(NOs3)s to displace nitrate ions in solution and form reactive
copper sites promotes SO, adsorption. The formation of a copper sulfate complex as a result
of chemisorption may justify the relatively high capacity of Cu(NO3)s-CSC for SO,. Func-
tionalization with Cu(NOs)y increases SOy capacity on CSC much more than on MCM-41
due to the increased alkalinity of reactive copper sites in CSCs compared to MCM-41. The
addition of ZnCly and CuCl; on both substrates hindered SO, adsorption.

Overall, for the biphasic CSC composite material, ZnCl, is the best impregnant for
boosting NHj3 adsorption with capacities as high as 5.8 mol/kg, and K,COj3 is the best
impregnant for boosting SO» adsorption with capacities as high as 0.5 mol/kg. However,
ZnCly-CSC shows low SO, adsorption capacities and KoCO3-CSC shows low NHjz adsorp-
tion capacities. For the metal salt functionalized material to be effective for both target
adsorbates, as determined by this work, the development of [30 wt% Cu(NO3)3|-CSC should

yield an adsorbent with capacities of 4.0 and 0.45 mol/kg for NH3 and SO,, respectively.
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Compared to the base CSC material prior to any metal salt functionalization, this is ap-
proximately a 113% increase in NHj3 adsorption and a 71% increase in SO, adsorption. On
CSC materials, salt functionalization at a loading between 10-30 wt% is most effective at
enhancing capacity measurements, whereas for MCM-41 materials, functionalization at a

loading between 30-50 wt% is most effective at enhancing capacities.

2.4 Conclusions

In an effort to improve upon the gas adsorption performance of the biphasic carbon-
silica composite material, further functionalization with the addition of reactive metal sites
is considered. Various water-soluble metal salts are added to the CSC material as well as
on MCM-41 for comparison at concentrations ranging from 10-65 wt%. As characterized
by X-ray diffraction, microscopy and porosity measurements, the successful, well-dispersed
incorporation of metal salts within CSCs resulted in increased microporosity and reduced sur-
face areas while maintaining structural integrity. Optimal metal salt loading concentrations
between 10-30 wt% on CSCs yielded highest adsorption capacities. For NHj adsorption,
ZnCly-CSC is most effective with a capacity as high as 5.8 mol/kg. For SO, adsorption,
K5CO3-CSC is most effective with a capacity as high as 0.51 mol/kg. In order to target both
adsorbates with one material, [30 wt% Cu(NOj3)2]-CSC is identified as the best compromise

with NH3 and SO, capacities of 4.0 and 0.45 mol/kg, respectively.
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CHAPTER III

IN-PORE SYNTHESIS OF ZnCO3 IN CARBON SILICA COMPOSITES,
MCM-41, ACTIVATED CARBONS, AND SILICA GEL
FOR NH3; AND SOy ADSORPTION

3.1 Introduction

Many functionalities can be useful for the chemisorption of TICs, though not all may
be water soluble to allow easy impregnation. By chemically adsorbing TICs, such func-
tionalized adsorbents are meant to be expended for potential high performance, one-pass,
non-regenerable filtration applications. Given their low solubility, coarse distributions of
water-insoluble functionalities can limit their effectiveness on the substrate. A novel im-
pregnation method to incorporate these reactive, water-insoluble functionalities in a more
dispersed manner is desirable.

Metal salts have been shown to provide the potential for various chemical reactions
with TICs. Their incorporation in porous adsorbents to enhance adsorption capacities is
well-studied. Previous works have shown that impregnated salts can act as isolated reac-
tive sites.'® When well dispersed, these salts can supplement traditional adsorption sites
and boost capacity measurements. Many water soluble metal salt functionalities have been
added to adsorbents such as activated carbon or mesoporous silica. Among the salts tested,
Z/nCly, and Ky;COj3 have been identified as most effective against TICs such as NH3 and
SO,, respectively.'® The high performance of these functionalities have been attributed to
chemisorption. Ammonia reacts with ZnCl, to form a Zn(NHj3),Cl, complex,? while sulfur
dioxide reacts with KoCOg3 to liberate CO5 and form KHSOj in the presence of adsorbed
H,0.! In previous work, concentration dependence of these salts showed that approximately
10 wt% of ZnCl, on a biphasic adsorbent increased NHj capacity by 190%, while 10 wt% of

K,CO3 on the adsorbent increased SO, capacity by 85%.%°
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The purpose of this paper is to add an insoluble, reactive metal salt functionality to
porous adsorbent substrates such that the affinity for both basic and acid-forming gases is
greatly enhanced. This contribution follows directly from our previous work® in which sin-
gle, soluble, metal salts were added to a mesoporous silica and a biphasic adsorbent. The
adsorbents used as substrates for this work will also include the biphasic adsorbent and
mesoporous silica MCM-41, along with commercially purchased silica gel, BPL activated
carbon and Norit SX Ultra activated carbon. Activated carbon has traditionally been com-
mercialized for use in filtration applications for air purification. Such carbons have large
pore size distributions containing macropores and mesopores for efficient gas transport as
well as micropores for physisorption due to strong well potential. Among the activated car-
bons used here, BPL is a bituminous coal-based product available for purchase from Calgon
Carbon, while Norit SX Ultra derived from peat, a partially carbonized phytomass, avail-
able for purchase from Cabot Corporation. Silica gel is a commercially available, porous,
granular form of silica synthesized from sodium silicate containing pores larger than 2 nm in
size.'? MCM-41 is a mesoporous silica belonging to the M41s family of materials developed
by Kresge et al.'® of the Mobile Qil Corporation. It contains ordered, hexagonal pores 3-4
nm wide, though tunable in size based on the length of the surfactant chain used during
synthesis. The free surface hydroxyl groups lining the pore surfaces and pore walls serve
as useful sites of adsorption especially for interactions with polar gases such as NHs. The
biphasic, microporous carbon silica composite (CSC) material, developed recently by our
group, 416 takes advantage of both the polar silica (consisting of MCM-41) and nonpolar
carbon phases to target a wide spectrum of adsorbates. Further functionalization with ad-
ditional reactive moieties using such substrates should enhance the broad scale applicability
of the adsorbent material.

When added individually to the porous material, both ZnCl, and K;COj3 are well

dispersed. By adding them sequentially on the same material, the dispersion is maintained,
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and where interactions between the two are possible, a well known reaction occurs to form
a solid precipitate of ZnCO3 within the pores of the adsorbent. This incorporation of a
well dispersed, insoluble moiety involves dual salt functionalization with two water soluble
precursors. To the best of our knowledge, this in-pore synthesis method to functionalize
porous materials, specifically with insoluble metal salts has not been previously examined.
Albeit, a few examples of in-pore synthesis to achieve effective incorporation do exist
in the literature; however, they concern much different applications. In one study, Froba

1.17 synthesized iron (III) oxide nanoparticles within the mesoporous carbon CMK-1

et a
via in-pore synthesis. During this synthesis, iron nitrate was impregnated into the carbon
and calcined post impregnation in order to form iron (III) oxide within the pores of the
substate. In another study, Froba et al.'® synthesized Auss clusters within the mesopores
of SBA-15 via in-pore synthesis. During this procedure, the two derivates used to make
the gold clusters were added simultaneously with the substrate to achieve reaction within
pores rather than adding the pre-synthesized cluster to the substrate after reaction. In both
cases of in-pore synthesis, a greater level of dispersion of the functionalities was achieved.
In contrast, in the case of ZnCOj3 functionalization, since the metal salt itself is insoluble in
water, a reaction to form the functionality using two soluble metal salt precursors is meant
to avoid agglomeration on the porous substrate, which would occur with an insoluble salt.
In this work, single phase silica materials, single phase carbon materials, and a bipha-
sic carbon silica composite are incorporated with reactive ZnCQOj in order to enhance the
ammonia and sulfur dioxide adsorption capacities. Given the insolubility of the ZnCOs, the
incorporation of this salt is varied either by adding a commercially purchased sample onto
the substrate or by forming the ZnCOj3 within the pores of the substrate via in-pore synthesis
using two water-soluble precursors. The performance of these functionalized composites are

measured using full equilibrium breakthrough adsorption capacities for low concentrations

of NH3 and SO, gases. The synthesized materials are characterized using X-ray diffraction,
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porosimetry, and microscopy techniques to provide evidence of the incorporation as well as

an understanding of the effects of functionalization.

3.2 Experimental Methods

Materials

Tetraethyl orthosilicate (TEOS) was purchased from Sigma Aldrich. Hexadecyltri-
methylammonium chloride (CTAC, 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 Scientific. Furfuryl alcohol (99%) and toluene (99%) were purchased from Sigma
Aldrich. Anhydrous salts zinc chloride (ZnCly), potassium carbonate (K;COj), and zinc
carbonate (ZnCOj) were purchased from Sigma Aldrich. Norit SX Ultra activated carbon
with a surface area of ~1100 m?/g and a pore volume of ~0.8 cm?/g was purchased from
Cabot Corporation. BPL activated carbon with a surface area of ~1000 m?/g and a pore
volume of ~0.5 cm?3/g was purchased from Calgon Carbon. Silica gel with a surface area
of ~500 m?/g and a pore volume of ~0.8 cm?/g was purchased from Sigma Aldrich. Gas
cylinders of 1500 ppmv ammonia in helium, 500 ppmv sulfur dioxide in helium, and ultrahigh

purity helium were purchased from A-L. Compressed Gas.

Synthesis Procedures

The synthesis procedures of the substrates MCM-41 and CSC have been thoroughly
described previously.® Briefly, the MCM-41 is synthesized by the incorporation of surfactant
molecules into a polar solution which form a liquid crystal of rod shaped micelles. Fumed
silica is cast around the hexagonal array of micelles, after which the surfactants are burned off
via calcination at high temperatures to leave behind the mesoporous, honeycomb framework
of MCM-41. The synthesis of CSC involves the addition of pre-synthesized, MCM-41 to a

solution containing furfuryl alcohol in a toluene solvent. The alcohol polymerizes readily
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at room temperature and condenses within the silica matrix. Upon carbonization at high
temperatures in the absence of oxygen, the microporous carbon silica composite is obtained.
Confirmed via thermogravimetric analysis, approximately 25 wt% of the composite structure

consists of carbonaceous material and the remainder corresponds to the siliceous phase.

In-Pore Synthesis of ZnCO;

The formation of ZnCOs3 in the various substrates involves sequential dual salt func-
tionalization leading to in-pore synthesis. Briefly, in implementing the incipient wetness
approach, approximately 260 uL of an aqueous solution, formed by mixing 1 g of K5COg in
10 mL of water, was first dribbled onto 200 mg of porous material until wet and allowed to
dry. After removal of water through evaporation approximately 25 mg of Ko,CO3 remained
within the material. Upon drying, approximately 260 pL of another aqueous solution, formed
by mixing 1 g of ZnCl, in 10 mL of water, was dribbled onto the dried, KoCO3s-containing
adsorbent. After removal of water through evaporation approximately 25 mg of ZnCl, was
now also present in the material. Theoretically, with 25 mg of each impregnant loaded on
200 mg of adsorbent material, approximately 10 wt% (on a total sample basis) of both ZnCl,
and KoCOj3 were present on the substrate. The similarity in the quantities of impregnant
solutions added to the adsorbent was due to very similar molecular weights and solution
densities of both salts. During the addition of ZnCl,, a stoichiometrically balanced reaction
occurs between free zinc ions and carbonate anions in solution leading to the synthesis of
Z/nCOs. If all quantities of the two impregnated salts are expected to react, approximately
9 wt% of the total sample would be comprised of ZnCO3. These lower concentrations of salt
impregnants were chosen based on previous work,® which showed that optimal salt loadings
on CSC were between 10-30 wt% while on MCM-41, they were between 30-50 wt%.

For dual functionalization, the order in which the two impregnants were added to form
ZnCQO3 was specifically chosen based on results with MCM-41. In prior experiments where

ZnCly was added first, followed by KoCOs, ZnCOs still formed within pores; however, the
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adsorption capacities for this functionalized material were lower. It is possible that the re-
active and basic siliceous phase of MCM-41, also present in the CSC, may participate in
electrostatic interactions with the ZnCly, which can behave as a Lewis acid. In contrast,
the K,COj3 is basic in aqueous solution, which may sustain its reactivity within the basic
substrate when added first during the dual functionalization. For this reason, the in-pore
synthesis reaction to form ZnCOj3 within the pores of each of the substrates tested begins
first with KoCOj3 functionalization followed by ZnCls functionalization. This dual salt func-
tionalization to form ZnCOj3 via in-pore synthesis was also performed in other substrates for

comparison including MCM-41, silica gel, BPL activated carbon, and a Norit carbon.

Water Washing of Dual-Functionalized Materials

The dual functionalized substrates were washed with water in order to remove any free,
soluble, unreacted ions within the composite. Consequently, this resulted in only insoluble
ZnCQO3 formed via in-pore synthesis. In this procedure, the dual functionalized substrates
were placed on filter paper and approximately 50 mL of H,O were poured onto the sample
while filtering under vacuum. Once the sample was completely dried, another 50 mL of H,O
were poured onto the sample while filtering under vacuum. This was repeated three more

times for a total of five wash steps and the dried sample was collected for characterization.

Wet Impregnation with ZnCOs;

For comparison with in-pore synthesis, approximately 22 mg of commercially pur-
chased ZnCOg3, corresponding to 10 wt%, was added to 200 mg of the substrate via a wet
impregnation method. In this procedure, the ZnCOg3 and the corresponding substrate were
mixed together and stirred for several hours to allow the salt to disperse on the adsorbent.
After removal of water through evaporation, the commercially purchased ZnCO3 was incor-
porated with the substrate at an amount analogous to the concentration of ZnCOj3 that is

expected to form via the in-pore synthesis method.
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Materials Characterization

Prior to any characterization, synthesized materials were placed in a vacuum oven at

60°C for approximately two hours to remove any adsorbed water.

Porosimetry

For textural characterization, adsorption isotherms were measured using a Micromerit-
ics ASAP 2020 at -196 °C with nitrogen as the analysis gas. Before analysis, approximately
0.1 g of each sample was degassed under vacuum (20 mmHg) and heated to 120 °C. The
BET method was used to determine surface areas. The reported pore volumes, calculated
using density functional theory, correspond to P/Py = 0.99. Given the microporous nature
of CSC and the extensive amount of time that would be required for extremely low pressures
of nitrogen to equilibrate within the adsorbent, the pore size distribution between 0 to 1 nm
could not be obtained. Instead, the pore size distribution for pores larger than 1 nm were

reported.

X-ray Diffraction

Powder X-ray diffraction patterns were used to confirm the long-range structure of the
base composite material made from mesoporous silica. These patterns were obtained using a
Scintag X1h/h automated powder diffractometer with Cu target, a Peltier-cooled solid-state
detector, a zero background Si(5 1 0) support, and a copper X-ray tube as the radiation

source.

Microscopy

Electron microscopy measurements were performed using the FEI Tecnai Osiris oper-
ating at 200 kV. Transmission electron microscopy (TEM) was used to obtain high resolution

images of the mesoporous and microporous structures of functionalized MCM-41 and CSC
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materials. Scanning transmission electron microscopy (STEM) coupled with energy disper-
sive X-ray (EDX) signal detection provided color-coded, mapped images of specific elements
of interest and after using the appropriate software, also provided quantitative analysis of
each element in a scanned region of the sample. Samples were prepared by adding small quan-
tities (~10 mg) of adsorbent to approximately 5 mL of H,O. The dispersion was then placed
onto a lacey carbon TEM grid and allowed to air dry before analysis using the microscope.
Since carbon was present in both the TEM grid and the CSC, to avoid misinterpretation of
the carbon content of the impregnants, the functionalized MCM-41 was used to interpret the
dispersion of the impregnants as well as the effects on elemental composition after washing

using quantitative analysis with STEM-EDX.

Adsorption Capacity

NHj3 and SO, have been used as target adsorbates in this study because they represent
opposite ends of a spectrum of potential, light gas TICs. Sulfur dioxide is acid-forming and
an oxidizer, while ammonia is basic and a reducer. As a primary measure of performance,
adsorption capacities for our synthesized, functionalized adsorbent materials were tested
at low concentrations of both NH3 and SOs. These capacities were calculated from room
temperature gas adsorption of NH3 and SO on all synthesized materials using breakthrough
measurements. These measurements were performed using a breakthrough apparatus, a
schematic of which is shown elsewhere.* With accumulation of target adsorbate in the gas
phase being negligible relative to that in the adsorbed phase, the capacity of the adsorbent

material, n (mol adsorbate/kg adsorbent), was calculated from
F [e.@]
=— Co—C)dt 2
=t [ @-c) 2

where Cj is the feed concentration in units of mol/m?3, and C' is the effluent concentration
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at time t. The volumetric flow rate of gas through the adsorbent bed, F', was held constant
at 30 sccm. The mass of the sample, m, varied between 15-30 mg and was contained in a
small cylindrical adsorbent bed with an internal diameter of 4 mm.

The standard deviations in adsorption capacities that is representative of differences
between measurements on the same sample is approximately 6% and 3% for NH3 and SOs,
respectively. These were calculated from several measurements of NH; and SO, capacities
on MCM-41 synthesized from the same batch. For many of the synthesized adsorbents in
this study, in order to confirm reproducibility, the materials were re-synthesized (multiple
batches). This implies that deviations in capacity measurements for the same material
are due to not only the standard deviation from measurement to measurement but also
differences in batch-to-batch synthesis of the same material. Overall, the error in NH3 and
SO, capacities reported, calculated using capacity measurements of MCM-41 synthesized in

three separate batches, was approximately +12% and +9%, respectively.

3.3 Results and Discussion

To appropriately understand the effects of in-pore synthesis, representative materials
were analyzed using X-ray diffraction, porosity, and microscopy techniques. These adsor-
bents include (1) MCM-41, (2) K;CO3-ZnCl,-MCM-41, (3) Washed-KoCO3-ZnCly-MCM-41,
(4) ZnCO3-MCM-41, (5) CSC, (6) KoCO3-ZnCly-CSC, (7) Washed-KoCO3-ZnCly-CSC, and
(8) ZnCO3-CSC.

Porosimetry

Nitrogen adsorption isotherms for the selected materials are shown in Figure 3.1a and
3.1b. Upon ZnCOj3 functionalization on MCM-41, isotherms showed less Type IV behavior
and more Type I behavior. Upon ZnCOQOj3 functionalization on CSC, isotherms maintained

Type I behavior. The quantity of nitrogen adsorbed on functionalized materials decreased
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significantly compared to the non-impregnated substrates. This indicates the inability of
nitrogen to access traditional surface adsorption sites due to pore blockage or pore filling.
Washed materials showed an increase in the quantity of nitrogen adsorbed. This can be
attributed to the liberation of nitrogen adsorption sites after washing away soluble, unreacted
ions from the adsorbent. Crude incorporation of commercially purchased ZnCO3; on MCM-
41 resulted in lower quantities of adsorbed nitrogen as well as a shift to Type II isotherm
behavior representative of non-porous materials due to salt aggregation and pore blockage.
On CSC, incorporation of commercially purchased ZnCO3 maintained Type I isotherm shape
and showed a lower quantity of adsorbed nitrogen as compared to CSC but higher than that
of in-pore synthesized ZnCQOg3. Hysteresis loops occurred in all isotherms, which is evidence
of capillary condensation in the mesopores of every sample.

Pore size distributions for the same materials are shown in Figure 3.2a and 3.2b. As
a result of salt incorporation, pore size distributions show wider peaks with less uniformity.
In-pore synthesis on MCM-41 resulted in the separation of the characteristic peak between
3-4 nm into two wider peaks with reduced intensities centered around 3 nm and 5 nm.
In pore synthesis on CSC resulted in the dampening of peak intensities, but characteristic
peaks of CSC were maintained. Crude incorporation of commercially purchased ZnCOs5
on both MCM-41 and CSC show a reduced distribution at smaller pore widths and new,
broader peaks at larger pore sizes. Water washing on MCM-41 showed minimal shift of the
distribution to larger pore volumes compared with water washing on CSC, which showed a
significant, new peak in the mesoporous regime of the pore size distribution. Overall, in-pore
synthesis of ZnCO3 reduced pore size distributions and produced wider, less uniform peaks
generally maintained in the micropore regime, while crude incorporation of commercially

purchased ZnCOj3 produced a broad distribution centered around larger pores.

Adsorption isotherms also allow a quantitative analysis of textural characterization

via surface area and pore volume calculations as shown in Table 3.1. Surface area measure-
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ments directly correlated to the quantity of nitrogen adsorbed, where decreasing adsorbed
nitrogen amounts were consistent with decreases in surface area for functionalized materi-
als. Upon further functionalization with a precipitate formed via in-pore synthesis or crude
incorporation of commercially purchased ZnCQOg, the BET surface area decreases compared
to non-functionalized MCM-41 or CSC. It should be noted that differences in the substrates
affected the surface areas of functionalized materials when comparing the two methods of
functionalization. The in-pore synthesis of ZnCO3 on CSC reduced the surface area more
than crude impregnation of ZnCOs on CSC. The opposite is observed on MCM-41 where
crude impregnation of ZnCO3 on MCM-41 reduced the surface area more than in-pore syn-
thesis of ZnCO3 on MCM-41. Pore volumes also decreased upon salt functionalization, as
should be expected. Pore size distributions provided a measure of pore volumes at differ-
ent pore regimes. Total pore volumes split into their respective micropore, mesopore, and
macropore volumes are also shown in Table 3.1. On MCM-41, salt incorporation (both
methods) reduced pore volumes in all regimes. On CSC, in-pore synthesis reduced micro-
pore and mesopore volumes only. However, crude, wet impregnation on CSC reduced only
micropore volume and instead showed slight increase in mesopore and macropore volumes.
This can be attributed to the already microporous nature of the composite. Well dispersed
functionalities can be incorporated into the micropores of the composite but agglomeration
largely affects macropores. After washing in-pore synthesized ZnCQO3 materials with water,
the pore volumes increased slightly due to the removal of soluble, unreacted potassium and

chlorine ions.

X-ray Diffraction

XRD patterns shown in Figure 3.3 were analyzed to confirm the ordered structural
integrity of the synthesized adsorbents. Results for the selected functionalized materials
revealed evidence of characteristic peaks similar to MCM-41. The apparent diminishing

order of the silica phase in functionalized materials is likely due to interference from the
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incorporated state rather than reduced “crystallinity”. The shift of all peaks to increased
diffraction angles as compared to MCM-41 corresponds to smaller distances between pore
centers, which is likely due to reduced pore sizes after salt incorporation seemingly represen-

tative of a shrinking pore structure.

Microscopy

TEM images of some of the selected functionalized materials are shown in Figure 3.4.

All samples showed evidence of mesopores from the MCM-41 contribution. The porosity of
each synthesized adsorbent was evident in these images through axial and radial planes (in
cylindrical geometry), as seen by parallel lines and /or honeycomb-shaped matrix. To confirm
the well-mixed dispersion of metal salt impregnants, STEM-EDX images of sample 3 shown
in Figure 3.5 provided spatial resolution of each element present in the sample. Porosity
was further shown in STEM-EDX images of silicon and oxygen atoms that make up the
base material. Although the potassium and chlorine micrographs appeared to show evidence
of these atoms in the structure even after washing with water, the very poor resolution of
these scans suggests that this amount is consistent with error in precision in the software
that distinguishes the elemental difference between atoms. Results confirmed that successful
incorporation of both KoCO3 and ZnCl, was achieved since the zinc and carbon atoms lined
the pores of the adsorbent throughout the material rather than agglomerated in a specific

part of the sample.

Any evidence to suggest the formation of ZnCOj3 was analyzed using STEM-EDX,
which also provided elemental composition of a specified region of the sample. As reported
in Table 3.2, more than ten STEM-EDX scans of ten unique regions on Samples 2, 3, and
4 were analyzed to determine their elemental compositions within error. Comparing the
compositions of Samples 2 and 3 showed that washing the in-pore synthesized material with

water released the soluble, unreacted chlorine and potassium ions, reducing their composition
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Figure 3.4. TEM images of washed and unwashed, in-pore synthesized ZnCOj3
compared with solution-impregnated ZnCO3z on MCM-41.
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Figure 3.5. STEM images for washed, in-pore synthesized ZnCO3 on MCM-41.
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to 0 wt%. The release of chlorine after water washing was further confirmed by analysis of the
effluent solution developed during filtration. An aqueous, clear solution containing soluble
silver nitrate was slowly added dropwise to this effluent solution containing washed chlorine
ions. Upon the addition of silver nitrate, a reaction with chlorine ions to yield an insoluble,
cloudy silver chloride precipitate was evident. This experiment to confirm the presence of
chlorine ions was also tested on the effluent solution generated from washing Sample 6 with
water to yield Sample 7. The presence of zinc and carbon compositions in Sample 3 even after
washing implies that they have become water-insoluble given their persistence on the support,
which is possible by forming a ZnCQOg3 precipitate on the material. Since some quantities
of the two soluble precursors do not react together and instead remain isolated on the
adsorbents, washing these unreacted salts results in the removal of some K;CO3 and ZnCl,
shown by the slight reduction in zinc and carbon compositions of Sample 3. A comparison of
the error in zinc and carbon compositions between Samples 3 and 4 clearly distinguished the
differences in dispersion between synthesis with two soluble precursors versus incorporation of
a pre-synthesized, commercially available ZnCOj3. There was significant error in compositions
of Sample 4, which corresponds to the poor dispersion of commercially purchased ZnCO3 on
MCM-41 such that the STEM-EDX scan either hit a silica phase or a ZnCOj3 phase but not

both, as it did more reasonably with in-pore synthesis.

Adsorption Capacity

The NH3 and SO, adsorption capacities of the selected materials are shown in Table
3.3. The capacities shown represent an average of multiple measurements. ZnCOj3 func-
tionalization on CSCs was compared with ZnCOj3 functionalization on MCM-41. On both
substrates, the incorporation of ZnCOj3 increased NH3 and SO, capacities, regardless of the
impregnation method. Compared to MCM-41, sample 2 had a capacity of 3.6 mol/kg for

NH; and a capacity of 0.41 mol /kg for SO, a 57% and 310% increase, respectively. Similarly,
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Table 3.3. NH3 and SO, capacities of washed and unwashed, in-pore synthesized ZnCOs3
compared with solution-impregnated ZnCO3 on MCM-41 and CSC.

Adsorption Capacities
Sample Name NH;3 SO9
(mol /kg) | (mol kg)
1 MCM-41 2.3 0.10
2 KyCO3-ZnCl,-MCM-41 3.6 0.41
3 W-K5CO3-ZnCly-MCM-41 3.8 0.48
4 ZnCO3-MCM-41 3.4 0.44
5 CSC 2.1 0.32
6 KoCO3-ZnCly-CSC 4.2 0.59
7 W-K3CO3-ZnCly-CSC 2.7 0.56
8 ZnCO3-CSC 3.1 0.44
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sample 4 had a capacity of 3.4 mol/kg for NH3 and a capacity of 0.44 mol/kg for SO,
a 48% and 340% increase, respectively. Compared to CSC, sample 6 had a capacity of
4.2 mol/kg for NH3 and a capacity of 0.59 mol/kg for SOy, a 100% and 84% increase,
respectively. Similarly, sample 8 had a capacity of 3.1 mol/kg for NH3 and a capacity of 0.44
mol kg for SO,, a 48% and 38% increase, respectively. These increases in capacities were
attributed to the addition of reactive metal salt(s) added to the substrates which promote
chemisorption of both NH3 and SO,. The comparisons between samples 2 and 6 with 1 and
5, respectively, shows that in-pore synthesis of ZnCOj3 improved NH3 adsorption on CSC
more than on MCM-41, while the improvement in SO, adsorption was more significant on
MCM-41 than on CSC. The presence of a basic carbon phase enhances SO, capacities, while
the incorporation of reactive ZnCQOj sites in narrower pore sizes helps promote chemisorption
with greater quantities of analysis gas. The comparisons between samples 4 and 8 with 1
and 5, respectively, shows that wet impregnation of commercially purchased ZnCO3 did not
enhance the adsorption capacities on CSC as much as MCM-41, where the increase was still
not as great as during in-pore synthesis. This can be attributed to the larger pore volumes
of the mesoporous silica compared to the biphasic material which can incorporate more of
the ZnCO3 leading to less agglomeration on MCM-41 than on CSC.

In-pore synthesis of ZnCOj3 provided highest adsorption capacities compared with wet
impregnation of the commercially purchased ZnCOg3. This is due to the increased disper-
sion of the incorporated salt, which provides more reactive sites for adsorption compared
with the incorporation of a crude, agglomerated salt containing minimal exposed reactive
sites. Washed, in-pore synthesized ZnCO3 on both CSC and MCM-41 was compared with
crude impregnation of pre-synthesized ZnCO3 on both CSC and MCM-41. As shown with
porosimetry measurements, water washing increased pore volume by removing free, unre-
acted, soluble ions from the material. The importance of the removal of chlorine and potas-

sium ions was not directly evident from capacity measurements given the inconsistency in
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trends between the two substrates. Therefore, the differences in the results were attributed
to the differences in the substrates. On MCM-41, a comparison between samples 2 and 3
shows an increase in capacities after washing due to newly exposed surface hydroxyl groups
that may have been previously blocked by soluble potassium or chlorine ions. On CSC how-
ever, a comparison between samples 6 and 7 shows a significant reduction in NHj capacity
and similar SO, capacity after washing. This was attributed to the liberation of basic carbon
phase adsorption sites of the CSC after the water wash, which inhibited the adsorption of

basic ammonia gas.

The in-pore synthesis of ZnCO3 was also tested on other substrates. Single phase ma-
terials such as silica gel, BPL activated carbon, and a mesoporous carbon of the Norit series
were impregnated with the dual functionalized salts. Breakthrough adsorption capacities
of these materials are shown in Table 3.4. Results showed that upon functionalization, ad-
sorption capacities increased. In general, consistent with the MCM-41 and CSC substrates,
the poor dispersion of crudely impregnated, commercially purchased ZnCO3 showed lower
capacity increases as compared with the in-pore synthesis of ZnCO3;. When comparing the
two incorporation methods as well as the washed and unwashed samples, the adsorption
capacities behaved differently based on the type of substrate. The addition of impregnants
significantly boosted capacities on carbon containing samples, but the improvement on silica
gel was not as high. It should be noted that dual salt functionalization on Norit SX Ultra
activated carbon enhanced the SO, capacity by approximately 120% up to 1.2 mol/kg, the
highest amongst any of the materials tested. These varying trends between carbonaceous and
siliceous substrates helps to signify the importance of the impregnants on CSC as compared
to MCM-41, where washing with water reduced capacities on CSC. Washing these dual func-
tionalized single phase substrates with water also decreases capacity measurements. This
suggests that the soluble potassium and chlorine ions, removed from all substrates after the

wash, do participate in reactions with TICs and their presence is necessary for significant
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Table 3.4 NH3 and SO, capacities of washed and unwashed, in-pore synthesized ZnCO3
compared with solution-impregnated ZnCO3 on other substrates.

Adsorption Capacities
Name NH; SOs9

(mol/kg) | (mol/kg)
BPL Activated Carbon 0.1 0.35
KyCO3-ZnCly-BPL 1.3 0.64
W-K5CO3-ZnCly-BPL 1.2 0.59
ZnCO3-BPL 1.0 0.58
Silica Gel 1.9 0.15
K5CO3-ZnCly-S.G. 2.5 0.15
W-K5CO3-ZnCls-S.G. 1.7 0.17
ZnCO3-S.G. 2.3 0.20
Norit SX Ultra 0.3 0.55
K5CO3-ZnCly-NSXU 1.5 1.20
W-K5CO3-ZnCly-NSXU 1.5 0.73
ZnCO3-NSXU 2.5 0.60
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adsorption enhancement. Comparing single phase substrates with the biphasic CSC, when
functionalized, these single phase substrates did not provide as significant of an increase in
both NH3 and SO, adsorption capacities.

Overall, the functionalization of various adsorbents with ZnCO3 enhances the adsorp-
tion of NH; and SO,. The importance of further functionalization on a biphasic adsorbent
capable of targeting both adsorbates effectively is justified when comparing capacities of
CSCs with other single phase adsorbents. Crude impregnation of commercially purchased
ZnCQO3 does increase capacities, but the poor dispersion of the salt when incorporated in this
way limits the effectiveness of the adsorption. On CSC, dual functionalization of KoCOg3 and
ZnCly to form ZnCOjs in pores provides the highest capacity measurements for both NHj

and SOz at 4.2 and 0.59 mol/kg, respectively.

3.4 Conclusions

To further promote the gas adsorption of NH3 and SO, on biphasic carbon silica
composites, functionalization with ZnCOg3 was considered. Both biphasic CSC and multi-
ple single phase adsorbents functionalized with soluble KoCOj3 and ZnCl, to form insoluble
ZnCOj via in-pore synthesis have been developed. Characterization using X-ray diffraction,
microscopy and porosity measurements show that successful incorporation of the insoluble
salt was achieved with greater dispersion as compared to crude impregnation of commercially
purchased ZnCOj3 on CSC. In general, ZnCO3 functionalization results in reduced surface ar-
eas and shifts in pore size distributions while maintaining structural integrity. Breakthrough
measurements reveal a significant increase in the adsorption capacities of functionalized
CSCs. Due to increased dispersion, in-pore synthesis of ZnCO3 provides higher capacities
than the incorporation of pre-synthesized ZnCOj3. In-pore synthesis of ZnCO3 on the meso-
porous carbon Norit SX Ultra activated carbon significantly improves SO5 capacities up to

1.2 mol/kg. In order to target both ammonia and sulfur dioxide effectively, KoCO3-ZnCl,-
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CSC is identified as the best material with NH3 and SO, capacities of 4.2 and 0.59 mol/kg,

respectively.
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CHAPTER IV

FUNCTIONALIZATION OF CARBON SILICA COMPOSITES
WITH INSOLUBLE PRECIPITATES VIA IN-PORE SYNTHESIS

4.1 Introduction

Many functionalities such as metal salts have been shown to provide potential chemical
reactions with various adsorbates. As depicted by our previous contributions regarding this
theme,! the addition of metal salts on adsorbent substrates enhances the capacity for toxic
industrial chemicals (TICs). Water-soluble salts such as ZnCly and K>CO3 have been shown
to enhance NH3 or SO, adsorption when functionalized individually on mesoporous silica or
activated carbon. Functionalization with Cu(NOsj)s increases both NHz and SO, capacities
though not as significantly as individual increases with ZnCl, and K,CO5 addition. 2

Another approach to achieve high capacities for a variety of adsorbate molecules in-
volves the addition of multiple impregnants on a single porous material that can diversify the
types of available adsorption sites.® Given the effectiveness of ZnCly, and K,COj as individ-
ual impregnants, both of these salts added sequentially on one substrate have been shown to
boost both NH3 and SO, adsorption capacities. As a result of this dual salt functionalization,
where interactions between the two are possible, a reaction between the impregnants occurs
to precipitate well-dispersed, water-insoluble ZnCO3. Amongst the number of metal salts
available for functionalization, water-insoluble salts can also be useful for the chemisorption
of TICs. However, their low solubility leads to coarse distributions and crude incorporations
on a porous material, which can limit their adsorption efficiency. This in-pore synthesis
via dual salt functionalization can be used to incorporate various well-dispersed insoluble
precipitates on porous substrates.

The primary adsorbent used as a substrate for this functionalization is biphasic in

nature. This microporous carbon silica composite (CSC) material, developed recently by
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our group, %12 takes advantage of both the polar silica and nonpolar carbon phases to
target a wide spectrum of adsorbates. Further functionalization with additional reactive
moieties using such a substrate would only enhance the broad scale applicability of the
adsorbent material. For comparison, insoluble salts can also be incorporated on the CSC
precursor, MCM-41, a mesoporous silica.

Solubility rules state that metal carbonates and metal phosphates are frequently insol-
uble in water. Some such materials, as shown in Table 4.1, are sparingly soluble in contrast
to potassium or chloride containing salts. Found to occur naturally in mineral deposits,
carbonates and phosphates such as magnesite, siderite, smithsonite, malachite, bobierrite,
vivianite, hopeite, and libethenite provide use in cosmetics, jewelry, food additives, drying
agents, reinforcing agents, pigments, and many other applications. When incorporated in
adsorbent materials, the presence of these insoluble salts is known to correlate positively with
the amount of metal ion uptake, playing a critical role in regulating aquatic environments
for treatment applications.'41® These insoluble metal salts can also be readily synthesized
via precipitation reaction between water-soluble precursors like metal chlorides (XCly, where
X = Mg"™, Fe™, Zn" and Cu™?) with potassium carbonate or potassium phosphate. The

acidity of metal chlorides provides reactivity towards basic ammonia 7913

while basicity of
potassium carbonate and potassium phosphate provides strong affinity towards acid-forming
sulfur dioxide gas.1*7 Precipitates formed among these impregnants on CSC or MCM-41 will
affect the overall acidity /basicity of the functionalized material influencing the enhancement
(or lack thereof) in NH3 and SO, adsorption.

In this work, the carbon silica composite is functionalized with well-dispersed, insoluble
metal salts synthesized via in-pore reactions from dual salt functionalization in order to

enhance the ammonia and sulfur dioxide adsorption capacities. These insoluble metal salt

functionalities form within pores as a result of precipitation reactions between combinations
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Table 4.1 Solubility of metal salts in water at 25°C. (g/100 mL H,O)17 1

Solubility (g/100 mL H,O)
Cl- CO3~2 PO, 3
K+ 36 111 106
Fet? 65 53x107° | 8.8x 1077
Cut? 76 1.9x107% | 6.4x1077
Zn+? 408 13x107* | 1.3x10°
Mg ™2 56 1.6x107% | 94x107°
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of potassium carbonate and potassium phosphate with various metal chlorides. The perfor-
mance of these functionalized composites are measured using full equilibrium breakthrough
adsorption capacities for low concentrations of NHs and SO, gases. The differences between
the impregnants leading to differences in TIC adsorption will be analyzed using pH measure-
ments of functionalized materials. Furthermore, the synthesized materials are characterized
using X-ray diffraction and porosimetry techniques to provide evidence of the incorporation

as well as an understanding of the effects of functionalization.

4.2 Experimental Methods

Materials

Tetramethylammonium hydroxide pentahydrate, TMAOH (97 %), tetramethylammo-
nium silicate solution, TMASi (99.99 %, 15-20 wt % in water), and sulfuric acid (95.0-98.0
%) were purchased from Sigma Aldrich. Hexadecyltrimethylammonium chloride, CTAC,
(25 %) in water was purchased from Pfaltz and Bauer. A solution of ammonium hydrox-
ide (29 wt.% in water) and Cab-O-Sil M5 were purchased from Fisher Scientific. Furfuryl
alcohol (99%), toluene (99%), and aluminum chloride (AlCl;) were purchased from Sigma
Aldrich. Anhydrous salts zinc chloride (ZnCly), magnesium chloride (MgCly), copper chlo-
ride (CuCly), iron chloride (FeCly), potassium carbonate (KoCOj), and potassium phosphate
(K3POy) were purchased from Sigma Aldrich. Gas cylinders of 1500 ppmv ammonia in he-
lium, 500 ppmv sulfur dioxide in helium, and ultrahigh purity helium were purchased from

A-L Compressed Gas.

Synthesis Procedures

The synthesis procedures of the substrates MCM-41 and CSC have been thoroughly

described previously.!”
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Dual Salt Functionalization

The synthesis of MCM-41 or CSCs with metal salts was conducted via incipient wetness
impregnation. In this procedure, an aqueous solution containing the metal chloride of interest
was dribbled onto the pre-synthesized substrate until wet and allowed to air dry. After
removal of water through evaporation, the desired quantity of the metal chloride remained
within the pores of the substrate. Another aqueous solution containing the potassium salt
of interest was dribbled onto the dried substrate containing the first salt. Upon removal
of water through evaporation, the desired quantity of the potassium salt now also exists in
the substrate. During the addition of the potassium salt, the metal of the metal chloride
and the salt of the potassium salt react via in-pore synthesis to form an insoluble metal salt
within the pores of the substrate. This in-pore synthesis of an insoluble metal salt provides
a well-dispersed incorporation of an impregnant which otherwise can only be added crudely
onto the porous substrate.

The order in which the two soluble precursors are added was also examined. In contrast
to the procedure described above, and for comparison, the same insoluble metal salts were
also incorporated through the addition of the potassium salt first, followed by the addition of
the metal chloride. With all impregnations, dual functionalization was performed such that
10 wt% of the final insoluble metal salt was theoretically formed on the substrate assuming
100% of the two salt precursors reacted to form the precipitate. A theoretical loading of 10
wt% was chosen given the results from previous work® involving metal salt incorporation
on CSC, which showed that an optimal loading concentration of metal salt on microporous
biphasic CSC is ~10 - 30 wt%. The quantity of each salt combination loaded to obtain 10

wt% of insoluble precipitate onto the substrate is shown in Table 4.2.

Materials Characterization

Prior to any characterization, synthesized materials were placed in a vacuum oven at
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Table 4.2 Theoretical loading of metal salts on MCM-41 and CSC.

Metal Salts

Precipitate
KyCO;3 | KsPOy | FeCly CuCl, ZnCly | MgCl,
FeCOs4 13 wt% - 10 wt% - - -
CuCOg3 11 wt% - - 10 wt% - -
ZnCOs 10 wt% - - - 10 wt% -
MeCOs | 15 wt% | - i i = 10 wt%
Fe3(POy)s - 13 wt% | 10 wt% - - -
Cuz(POy)2 - 11 wt% - 10 wt% - -
Zng(POy)s - 10 wt% - - 10 wt% -
Mgs(POy)s || - | 15wt% | - i = 10wt%
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60°C for approximately two hours to remove any adsorbed water.

Porosimetry

For textural characterization, adsorption isotherms were measured using a Micromerit-
ics ASAP 2020 at -196 °C with nitrogen as the analysis gas. Before analysis, approximately
0.1 g of each sample was degassed under vacuum (20 mmHg) and heated to 120 °C. The
BET method was used to determine surface areas. The reported pore volumes, calculated
using density functional theory, correspond to P/Fy = 0.99. Given the slow diffusion of
nitrogen in these microporous composite materials, the isotherms at partial pressures lower
than 0.001 were not measured. As a result, the pore size distributions were limited to pores
greater than 1 nm. However, these profiles still allow a qualitative analysis of the shifts in

the distribution as a result of salt functionalization.

X-ray Diffraction

Powder X-ray diffraction patterns were used to confirm the long-range structure of the
base composite material made from mesoporous silica. These patterns were obtained using a
Scintag X1h/h automated powder diffractometer with Cu target, a Peltier-cooled solid-state
detector, a zero background Si(5 1 0) support, and a copper X-ray tube as the radiation

source.

pH Analysis

To understand the difference between each of the incorporated metal salts, the overall
acidity /basicity of the adsorbent surface was determined via pH measurements. In these
experiments, approximately 100 mg of the functionalized adsorbent was mixed with 10 mL
of HyO at room temperature. The pH of this solution was measured using a double junc-
tion electrode connected to a Milwaukee MW101 PH Meter. For comparison, the pH of

substrate-free, metal salts in aqueous solution was also measured. To prepare this solution,
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approximately 10 mg of metal salt, equivalent to the theoretical amount of metal salt loaded
on 100 mg of functionalized adsorbent, was mixed with 10 mL of HyO at room temperature.
Given the small quantities of impregnant in solution, an extra batch of aqueous salt solutions
was prepared and tested for reproducibility of measurements. All pH measurements were
obtained after allowing the electrode to soak in solution for a minimum of 10 minutes to let

the pH equilibrate at a stable quantity.

Adsorption Capacity

As a primary measure of performance, adsorption capacities for our synthesized, func-
tionalized adsorbent materials were tested at low concentrations of both NHsz and SO..
These capacities were calculated with room temperature breakthrough measurements per-
formed using an apparatus for which the schematic is shown elsewhere.” With accumulation
of target adsorbate in the gas phase being negligible relative to that in the adsorbed phase,

the capacity of the adsorbent material, n (mol adsorbate/kg adsorbent), was calculated from

nz%/ooo(Co—C)dt (3)

where Cj is the feed concentration in units of mol/m3, and C is the effluent concentration
at time t. The volumetric flow rate of gas through the adsorbent bed, F', was held constant
at approximately 30 sccm. The mass of the sample, m, varied between 15-30 mg and was
contained in a small cylindrical adsorbent bed with an internal diameter of 4 mm.

The standard deviations in adsorption capacities that is representative of differences
between measurements on the same sample is approximately 6% and 3% for NH3 and SOs,
respectively. These were calculated from several measurements of NH; and SO, capacities
on MCM-41 synthesized from the same batch. For many of the synthesized adsorbents in
this study, in order to confirm reproducibility, the materials were re-synthesized (multiple

batches). This implies that deviations in capacity measurements for the same material
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are due to not only the standard deviation from measurement to measurement but also
differences in batch to batch synthesis of the same material. Overall, the error in NH3 and
SO, capacities reported, calculated using capacity measurements of MCM-41 synthesized in

three separate batches, was approximately +12% and +9%, respectively.

4.3 Results and Discussion

To appropriately understand the effects of dual salt functionalization, representa-
tive materials were analyzed using X-ray diffraction and porosimetry techniques. These
adsorbents include (1) CSC, (2) KoCO3-CuCl,-CSC, (3) KoCO3-ZnCly-CSC, (4) KyCO3-
MgCly-CSC, (5) KoCO3-FeCly-CSC, (6) CuCly-KoCO3-CSC, (7) CuCly-K3POy-CSC, and
(8) K3PO4-CuCl,-CSC.

Porosimetry

Nitrogen adsorption isotherms for the selected materials are shown in Figure 4.1. The
base CSC adsorbent is both microporous and mesoporous with Type I isotherm behavior. A
sharp increase in adsorbed Ny at low partial pressure was followed by a leveling off as P/ P,
approaches unity. Upon dual salt functionalization, isotherms maintain Type I behavior and
the quantity of nitrogen adsorbed decreases compared to the non-impregnated CSC. This
indicates the inability of nitrogen to access traditional surface adsorption sites due to pore
blockage or pore filling. Insignificant differences in isotherm shape or adsorbed N, amounts
were evident when reversing the order of dual salt functionalization. Adsorbed nitrogen
amounts for functionalized materials were not influenced by the choice of metal chloride in
the composite. Rather, the carbonate containing materials showed greater adsorbed nitro-

gen amounts than phosphate containing materials approaching saturation. Hysteresis was
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observed during desorption, as a result of capillary condensation in the mesopores of every
sample.

Pore size distributions for the same materials are shown in Figure 4.2. The majority
of the CSC pore volume has pore sizes less than 30 A given the dominant microporosity and
uniformity of pores in the composite. In general, dual salt functionalization dampened the
differential pore volume amounts and broadened the distributions to larger pore sizes as a
result of possible agglomeration of salt impregnants leading to pore blockage. For similar
reasons, the functionalized materials also displayed larger portions of the differential pore
volume in the macropore regime. No correlation between the order of salt addition or the
choice of metal chloride impregnant was evident in the pore size distribution.

Adsorption isotherms also allow a quantitative analysis of textural characterization via
surface area and pore volume calculations as shown in Table 4.3. Surface area measurements
directly correlated to the quantity of nitrogen adsorbed, where decreasing adsorbed nitrogen
amounts were consistent with decreases in surface area for functionalized materials. Upon
dual salt functionalization, the BET surface area decreases compared to impregnant-free
CSC. Pore volumes also decreased upon salt functionalization, as should be expected. Pore
size distributions provided a measure of pore volumes at different pore regimes. Total pore
volumes split into their respective micropore, mesopore, and macropore volumes are also
shown in Table 4.3. As with the adsorbed nitrogen amounts, the overall surface area and
pore volumes are largely unaffected by the order of the impregnant addition or the choice of

metal chloride and potassium salt in the functionalized material.

X-ray Diffraction

XRD patterns shown in Figure 4.3 were analyzed to confirm the structural integrity of
the synthesized adsorbents. Results for the selected functionalized materials reveal evidence

of an ordered silica phase containing peaks similar to CSC. The apparent diminishing order
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was likely due to interference from the incorporated state. No correlation between the acid-
ity of metal chloride (possibly leading to reduced “crystallinity” due to dissolution of pores)
and the dampening of peak intensities was evident. Rather, spectra of potassium carbonate
functionalized materials showed the lowest peak intensities as compared to potassium phos-
phate containing materials. The insignificant shifts of all peaks among some of the materials

occurs as a result of experimental error between samples.

pH Analysis

The pH of aqueous solutions containing metal salt, impregnant free substrates, and
dual functionalized materials are reported in Tables 4.4 and 4.5 to gain an understanding of
the nature of available adsorption sites. Between the two substrates, MCM-41 is slightly more
acidic with a pH of 5.1, while CSC has a pH of 5.2. In general, after salt functionalization,
composites on CSC are more acidic than on MCM-41. Amongst the basic metal salts used
in this work, potassium carbonate is less basic than potassium phosphate with pHs of 10.8
and 11.5, respectively. Amongst the acidic metal chlorides, FeCl, has the lowest pH of 3.5
and MgCl, had the highest with 6.3, with the pH increasing in the order of FeCly, < CuCl,
< ZnCly, < MgCl,. Upon dual salt functionalization, the pH of the final functionalized
composite varies and is not dependent on the acidity of the metal chloride. In fact, final
functionalized composites are more basic in nature suggesting the effect of the potassium
containing carbonate or phosphate on the overall material. Interestingly, even though K3POy4
itself was more basic than K,COg3, dual functionalization with K3PO4 and metal chlorides
results in more acidic composite materials, with a smaller difference between the pHs of
functionalized composites and metal chlorides. For both insoluble metal carbonates and
insoluble metal phosphates, combinations with ZnCl, lead to an overall least basic (slightly
acidic) composite on MCM-41 and CSC. In contrast, KoCO3 with FeCl, gives the most basic
composite compared with other chlorides on MCM-41 and CSC even though iron chloride

itself is more acidic than the other metal chlorides. In general, switching the order in which
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Table 4.4 Adsorption capacities and pH measurements for MCM-41 and CSC materials
functionalized with XCO3 (where X = Fet? Cu™, Zn™2 Mg™).

Sample pH Capacity (mol/kg)
(in 10 mL H,0) (~0.01 M) NH; SO,
MCM-41 5.1 1.8 0.05
CSC 0.2 2.0 0.28

K2CO4 10.8 - -

FeCl, 3.5 - -
K,COs-FeCly-MCM-41 9.4 2.9 0.49
FeCOg FeCly-K5CO3-MCM-41 9.2 2.1 0.42
K5,CO;3-FeCl,-CSC 9.0 1.9 0.56
FeCly,-K;CO3-CSC 9.0 2.6 0.46

CuCls 4.6 - -
K5CO5-CuCly-MCM-41 8.8 2.2 0.43
CuCOg4 CuCly-K5CO3-MCM-41 9.0 1.9 0.50
K,CO3-CuCly-CSC 8.3 2.4 0.49
CuCly-K,CO3-CSC 8.3 2.1 0.48

ZnCl, 5.4 - -
K5CO3-ZnCly,-MCM-41 6.1 3.1 0.39
ZnCO; ZnCly-KoCO5-MCM-41 6.2 3.0 0.52
K5,CO;3-ZnCl,-CSC 5.5 4.1 0.57
ZnCly-K,CO3-CSC 6.1 3.0 0.39

MgCl, 6.3 - -
K CO3-MgClo-MCM-41 8.5 2.5 0.23
MeCOs4 MeCly-KyCOs-MCM-41 8.6 2.6 0.34
K,CO3-MgCl,-CSC 8.2 2.1 0.36
MgCly-K5,CO3-CSC 9.4 24 0.51
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Table 4.5 Adsorption capacities and pH measurements for MCM-41 and CSC materials
functionalized with X3(POy)s (where X = Fet? Cu*?, Zn*? Mg™?).

Sample pH Capacity (mol/kg)
(in 10 mL H,0) (~0.01 M) NH; SO,
MCM-41 5.1 1.8 0.05
CSC 0.2 2.0 0.28

K4PO, 11.5 ] ]

FeCl, 3.5 - -
K3PO4-FeCl,-MCM-41 7.4 2.4 0.26
Fey(PO,)s FeCly-K5PO,-MCM-41 7.8 2.5 0.32
K3PO,4-FeCly-CSC 6.6 2.6 0.37
FeCly-K5P0O,-CSC 6.8 2.2 0.44

CuCls 4.6 - -
K3PO4-CuCly-MCM-41 6.0 2.6 0.18
Cus(POL)s CuCly-K3PO,-MCM-41 6.1 3.2 0.21
K3PO,4-CuCly,-CSC 5.1 2.7 0.38
CuCly-K3P0,-CSC 5.3 3.2 0.46

ZnCl, 5.4 - -
K3P0O4-ZnCl,-MCM-41 2.5 2.8 0.20
Zn3(POy)s 7nCly-K4PO,-MCM-41 5.5 3.2 0.22
K3P0O4-ZnCly,-CSC 5.3 2.1 0.32
ZnCly-K3P0,-CSC 5.6 2.0 0.36

MgCl, 6.3 - -
K3PO,-MgCly,-MCM-41 7.9 2.1 0.19
Mgs(PO,), MgCly-K5PO,-MCM-41 7.9 2.8 0.23
K3PO,-MgCl,-CSC 7.8 2.3 0.30
MgCly-K3PO4-CSC 7.9 2.1 0.35

73




the chloride and the potassium containing salts were added on the substrate does not have
a significant effect on the overall pH of the final material. This suggests that the individual
salt impregnants are not isolated on the adsorbent, but instead react together to form similar

precipitates on both analogs, regardless of the order of precursor addition.

Adsorption Capacity

The breakthrough capacities of adsorbent materials are also shown in Tables 4.4 and
4.5. For all functionalized materials, the addition of reactive metal salts via dual salt func-
tionalization introduces additional adsorption sites and enhances NHz and SO, capacities.
Differences in these increases are attributed to the various salt combinations that yield in-
soluble precipitates via in-pore synthesis. Given the electrostatic behavior of these TICs to
form acid/base interactions with adsorbent materials, pH measurements of functionalized
substrates distinguish adsorption affinity and help to justify differences in capacities. The
adsorption capacity for NHj is similar on both CSC and MCM-41 substrates, while the SO,
capacity is higher on CSC than on MCM-41. This can be attributed to the addition of
a carbon phase in the composite which provides additional adsorption potential for both
targets.

Amongst the metal carbonate impregnated materials shown in Table 4.4, the most
significant increase in TIC adsorption is with KoCO3-ZnCly-CSC with a capacity of 4.1 and
0.57 mol/kg for NH3 and SO,, respectively. The order in which the salts are added to form
metal carbonate slightly affected adsorption capacities. In general, adding the basic potas-
sium carbonate last yields functionalized composites with slightly lower ammonia capacities
and slightly higher sulfur dioxide capacities. Similarly, adding the acidic metal chlorides
last yields slightly higher ammonia capacities and slightly lower sulfur dioxide capacities
compared with the reverse order analog.

Amongst the metal phosphate impregnated materials shown in Table 4.5, the most
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significant increase in TIC adsorption is with CuCly-K3POy4-CSC with a capacity of 3.2
and 0.46 mol/kg for NH; and SO,, respectively. Interestingly, the order in which the salts
are added to form metal phosphates also slightly affected adsorption capacities, but with a
more distinctive trend compared with metal carbonates. Adding the potassium phosphate
last yields high adsorption capacities for both TICs as compared to the reverse analog in
which the metal chloride is added last. The difference in SO, capacities between insoluble
phosphates on CSC and MCM-41 is much more significant compared to insoluble carbonates
on CSC and MCM-41.

Overall, the dual functionalization of metal chlorides with potassium salts results in the
in-pore synthesis of insoluble metal salts on CSCs with enhanced NH3 and SO, adsorption.
The pH differences between the metal carbonates and metal phosphates formed on each
substrate leads to varying capacity measurements that show metal carbonates providing
greater TIC adsorption than metal phosphates on both MCM-41 and CSC. On CSC, dual
functionalization of KoCOj3 and ZnCl, to form ZnCOg3 in pores provides the highest capacity

measurements for both NHz and SO5 at 4.1 and 0.57 mol/kg, respectively.

4.4 Conclusions

To further promote the gas adsorption of NH3 and SO5 on biphasic carbon silica com-
posites, dual salt functionalization with combinations of metal chlorides with potassium salts
were considered. Biphasic CSC and MCM-41 functionalized with two water-soluble precur-
sors leads to the formation of insoluble precipitates via in-pore synthesis. Characterization
using X-ray diffraction and porosity measurements show that successful incorporation of the
insoluble salt was achieved while maintaining structural integrity. Breakthrough measure-
ments showed an increase in the adsorption capacities of dual salt functionalized materials.
Amongst the metal chlorides tested, zinc and copper chloride provided significant increases

in TIC adsorption, while magnesium chloride provided the least enhancement in capacities.
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Amongst the potassium salts tested, potassium carbonate yielded higher performance ma-
terials than potassium phosphate. Overall, in-pore synthesis of metal carbonates and metal
phosphates on CSC and MCM-41 via dual salt functionalization resulted in significant en-

hancement of NHs and SO, capacities, with KoCO3-ZnCl,-CSC as the best material.
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CHAPTER V

CARBOXYLATE-BASED MOFS:
SPECTROSCOPIC CHARACTERIZATION OF WATER EXPOSURE

5.1 Introduction

Metal-organic frameworks (MOFs) are crystalline compounds synthesized by the self
assembly of metal ions coordinated to organic linker molecules. This complex network of
interconnected organic and inorganic components forms well defined highly porous structures
that promote the adsorption of gas molecules.! The highly modular synthesis of MOFs
permits the pore structures and functionalities of these materials to be tailored based on
specific applications.* Given the large number of metal and organic linker combinations, a
diverse collection of MOFs has been synthesized in recent years.

MOFs have potential applications in industrial processes such as gas purification, catal-

215 Tn many of these processes, exposure to water vapor

ysis, gas storage, and gas sensing.
or humidity is inevitable. Therefore, for their use in such practical applications, MOF sen-
sitivity to varying degrees of water exposure must be examined and well understood. Many
studies have sought to further this understanding in recent years.'' *® In a recent review of
this topic by Burtch et al.!? several factors concerning water stability in MOFs were pre-
sented. In general, to be thermodynamically stable towards water, the metal centers/cluster
of the MOF must be inert, which depends not only on the metal-ligand bonds, but also
on the reactivity of the metal-ligand cluster with water. From a kinetics standpoint, the
hydrophobicity of the structure and steric factors around the metal-ligand bonds will greatly
increase the activation energy of hydrolysis to allow MOF stability towards water. Thus, for

long term liquid water exposure, a thermodynamically stable MOF is necessary. However,

for less water exposure in the vapor phase, a MOF that is kinetically stable may suffice.!°
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In this work, the thermodynamic stability of several carboxylate-based MOFs towards
water was considered. Our efforts focused on characterizing the changes in the metal-ligand
clusters upon exposure of these MOFs to water. In the bulk of this study, these changes
were analyzed through in situ IR and ex situ Raman spectroscopy measurements. The overall
water stability of these selected MOFs cannot be judged based solely on these measurements.
Rather, we aim to provide further insight and new evidence using spectroscopic techniques
to compare and suggest possible mechanisms of water adsorption on these chemically similar
MOFs.

Since its discovery by Chui et al.,'® copper (II) benzene 1,3,5-tricarboxylate (Cu-BTC)
has been among the most widely studied MOFs. »? Containing unsaturated metal centers for
improved gas adsorption, it has been investigated for separation and energy storage for gases
such as hydrogen and methane.! Within the structure of Cu-BTC, copper paddle wheels are
connected with four organic BTC (benzene 1,3,5-tricarboxylate) linkers to form a porous
network.!! Two types of pores exist: a large central pore of 9 A diameter and surrounding
pockets of 5 A diameter. Simulation studies have identified four primary sites of adsorption
within the structure of Cu-BTC: (site 1) areas close to the copper atoms within the large
pore, (site 2) the center of the smaller octahedral side pockets, (site 3) the windows of the
side pocket, and (site 4) the center of the large pores.?® Given the accessibility to unsaturated
copper atoms (from site 1), the larger pore has been shown to be more hydrophilic than the
smaller pore.!! In general, it has been shown that polar molecules like water have a greater
affinity for site 1, whereas nonpolar molecules primarily adsorb on site 2.%°

Iron (IIT) benzene 1,3,5-tricarboxylate (Fe-BTC) has been notably used as a catalyst
for the oxidation of benzylic compounds because it acts as a Lewis acid.?® It has also been
recently shown to remove toxic carcinogenic elements efficiently, such as arsenic from aqueous
solutions.?% Like Cu-BTC, Fe-BTC is composed of an interconnected network of iron metal

(Fe™?) coordinated with benzene 1,3,5-tricarboxylate. Details of the structure of this material
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remain unknown and to the best of our knowledge, spectroscopic characterization after water
adsorption on Fe-BTC has not been previously performed.

Aluminum(IIT) benzene 1,4-dicarboxylate (Al1*//(OH)(0,C-CgHy-CO3)) or MIL-53, 2122
has been shown to adsorb large quantities of CO5 and CHy. The structure of MIL-53 consists
of a corner-sharing octahedral network of Al bridged by hydroxyl groups to terephthalate
ions of the benzene 1,4-dicarboxylate organic linker.?® Unlike Cu-BTC, MIL-53 does not
contain unsaturated metal sites available for enhanced adsorption. However, association
with free hydroxyl groups and accessibility to bound metal centers through large pores pro-
motes adsorption of gaseous adsorbates. The rhombic shaped pores present in a calcined,
dehydrated form of this material are 12.8 A long and 16.7 A wide.?? At room temperature
and under exposure to air, MIL-53 adsorbs water within its structure.?'?* Upon hydration
and association of water molecules with metal sites, the rhombic shaped pores have been
shown to compress to 7.5 A long and 19 A wide.?? Heating the material reverses the pore
contractions, and the water is quickly removed, resulting in the original, highly porous struc-
ture.?? A rationale for this breathing effect?! 2* of MIL-53 had been suggested using NMR
spectroscopy, which has shown that hydrogen bonding interactions between water molecules
and the organic linker are responsible for the pore contraction.??

MOF-74 analogs have been shown to adsorb large quantities of CO,.1%2728 Like Cu-
BTC, these MOFs also contain unsaturated metal sites. Ni-MOF-74 and Mg-MOF-74 consist
of either Ni*2 or Mg*2 metal centers connected to 2,5-dihydroxybenzenedicarboxylic acid
(DOBDC). The metals bind with carboxylic acids as well as hydroxide groups available on
the ligand to form 1-D pores that are 11 A in size. The adsorption capacity of CO5 has been
shown to significantly decrease in the DOBDC series of MOFs after hydration.!? For flue
gas applications, Liu et al.?” found that upon steaming MOF-74 analogs, the CO capacity
of Mg-DOBDC decreases more than that of Ni-DOBDC. This effect was attributed to the

reduction potential of the metal center, where the higher the reduction potential of the metal,
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the weaker the reducing agent, and the less significant the loss in CO, capacity after water
exposure.

In this work, we report results for the exposure of these five MOFs (Cu-BTC, Fe-
BTC, MIL-53(Al), Ni-DOBDC, and Mg-DOBDC) to various amounts of water, whether as
vapor or as liquid. Cu-BTC, which has been well studied, is included both for comparisons
and for further investigation by Raman spectroscopy. Varying levels of MOF framework
hydration will be reflected in bond manipulations of the organic and inorganic moieties. The
degree of change and susceptibility of characteristic bonds will be monitored and accordingly
attributed to the adsorption of water molecules. The primary goal of this work is to present
a sensitivity analysis of water exposure using DRIFTS and Raman spectroscopy, of which
minimal results have been reported thus far for MOFs. To maintain structural integrity
and avoid chemisorption, the critical bonds holding the organic and inorganic components
of the MOF framework together (specifically, metal-oxygen bonds) must remain unchanged.
In particular, the possible dissociation of Cu-O, Fe-O, Al-O, Ni-O and Mg-O bonds will be
explored. Other physical characterization techniques, such as crystallinity and porosimetry
measurements, will be used to support the effects of water exposure on the structure of these

carboxylate-based MOFs.

5.2 Experimental Methods
Materials

Cu-BTC (Basolite C300), Fe-BTC (Basolite F300), and MIL-53 (Basolite A100) were
purchased from Sigma Aldrich. Ni-DOBDC and Mg-DOBDC were synthesized as per pre-
viously published procedures in literature. 22" For Ni-DOBDC, a solvent containing 50 mL
deionized water and 50 mL tetrahydrofuran was prepared in a Parr reactor. To this, 3.73
g of 2,5-dihydroxyterephthalic acid and 1.87 g of nickel acetate were added. The mixture
was then heated at 110°C for 3 days, filtered, washed with water, dried, and the solvent

exchanged with ethanol several times. After heating the solvent exchanged sample in an
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inert nitrogen atmosphere, the evacuated pore structure of Ni-DOBDC was obtained. For
Mg-DOBDC, a solvent containing 45 mL DMF, 3 mL ethanol, and 3 mL water was prepared.
To this, 0.475 g of magnesium nitrate hexahydrate and 0.111 g of 2,5-dihydroxyterephthalic
acid were added. The mixture was stirred well and distributed into five tightly capped vials.
The vials were then heated at 125°C for 20 hours and then allowed to cool to room tem-
perature. The mother liquor was decanted and replaced with methanol several times. After
heating the solvent exchanged sample under vacuum at 250°C for 5 hours, the evacuated

pore structure of Mg-DOBDC was obtained.

Water Exposure Methods

Various levels of water exposure were used to interpret structural effects: dehydrated,
50%, 80% and 100% relative humidity (RH), and immersion in liquid water. Dehydration
and evacuation of physically adsorbed water molecules was performed by heating in a vacuum
oven at 150 °C for 3 hours prior to characterization. For 50% RH, helium carrier gas was
passed through a water sparger submersed in a cooled water bath and then fed into a
saturation cell containing a MOF sample. The water bath was set to a temperature of 14
°C at a pressure of 1 atm to correspond to a relative humidity of 50% at room temperature.
Similarly, for 80% and 100% RH, the water bath temperature was set to 21°C and 25°C,
respectively. Samples were characterized after 24 hours of exposure. To simulate extreme
water exposure, MOFs were stirred in deionized water at room temperature for 24 hours

before being collected via vacuum filtration and dried overnight in air.

Physical Characterization

Powder X-ray diffraction (XRD) was used to confirm the crystallinity of MOF struc-
tures following exposure. The spectra were measured using a Scintag X1h/h automated

powder diffractometer with a step size of 0.02° in two theta (26). A Peltier-cooled solid state
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detector was used with a copper x-ray tube as the radiation source. Both the appearance and
dissolution of peaks in XRD scans were interpreted as changes in the crystalline structure.
Nitrogen adsorption isotherms were measured at 77 K using a Micrometrics ASAP
2020 porosimeter with ultra high purity nitrogen gas. Before the isotherm measurement,
approximately 0.5 g of the sample was degassed for at least 8 hours. Based on thermal
stability and consistent with MOF literature,>?® the degas temperature for Cu-BTC, Fe-
BTC, Ni-DOBDC, and Mg-DOBDC samples was 150 °C. The degas temperature for MIL-53
samples was 200 °C.?? The isotherms collected were interpreted via BET theory to calculate
the surface areas and porosities of the adsorbents. Pore volumes were determined using pores

smaller than 1500 A at a partial pressure approaching saturation.

Infrared Spectroscopy

Following exposure to water, the functional groups in the chemical structures of the
samples were examined using infrared spectroscopy. Diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) was used to measure characteristic vibrational stretches
upon light absorption in the mid-IR region, spanning 2 — 10 gm (1000 — 5000 cm~!). Raman
spectroscopy was used to measure characteristic vibrational stretches upon light scattering

in the far-IR region, spanning 10 — 100 gm (100 — 1000 cm™!).

DRIFTS

A Nicolet 6700 Fourier transform infrared (FTIR) spectrometer was used to harbor the
DRIFTS accessory unit that allowed the analysis of characteristic vibrational stretches of IR
active (with absorbed light causing a change in dipole moment within vibrating molecules)
carboxylate groups common to the structure of each MOF. Samples of MOFs were loaded
under an inert environment into a Praying Mantis high temperature reaction chamber that
fits into the DRIFTS accessory unit. A high resolution, liquid nitrogen cooled mercury

cadmium telluride (MCT) detector was used to collect the reflected IR beams. In situ IR
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scans were collected to measure real time spectroscopic changes by configuring an apparatus
to connect a constant stream of humid carrier gas to the scanning chamber of the DRIFTS
accessory reaction cell. The resolution of each scan was set to 4 cm™! with 128 acquisitions
collected and averaged.

Starting with an initial purge with dry helium for 24 hours, the environment in the
reaction chamber was made fully inert and most of the physically adsorbed water was re-
moved. After this, the sample was regenerated by heating at a rate of 5 °C per minute to 150
°C (or 200 °C for MIL-53), held for several hours, and a subsequent IR scan was measured.
Once regenerated, the sample was allowed to cool back to room temperature under helium
flow. After cooling, the humid stream (representing either 50%, 80% or 100% humidity) was
passed through the chamber for a period of 24 hours and another IR scan was taken. In
order to test for chemically adsorbed water molecules and determine whether the original
structure of the adsorbent persists, this cycle of regeneration followed by subsequent expo-
sure was repeated four times. Interpretation of the IR scans of the regenerated material after
five cycles of exposure gave an understanding of the adverse effects of chemically adsorbed

water.

Raman Spectroscopy

A Renishaw inVia Raman Microscope spectrometer was used to analyze the inorganic
functional moieties in samples of MOFs that are Raman-active (with scattered light causing
a change in polarizability within vibrating molecules) following the varying degrees of water
exposure. The samples of water exposed MOFs generated from in-situ DRIFTS were used for
Raman spectroscopy measurements. Raman spectra were gathered using a 785 nm NIR diode
laser and a 532 nm DPSS laser in which the output powers were limited to 5% (maximum
output powers were 100mW and 50mW, respectively). The Raman scattered photons were
dispersed by a 1200 lines/mm grating monochromator and collected by a CCD camera with

a 50x objective lens.
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5.3 Results and Discussion

Crystallinity

XRD results for Cu-BTC, Fe-BTC, and MIL-53 are shown in Figure 5.1 (a, b, and c,
respectively) at select water exposure conditions. Changes in the crystal structure are appar-
ent. From previous studies on Cu-BTC,% dissolution and appearance of peaks in humidified
samples occurred at approximately 6° and 15°, respectively, as shown in Figure 5.1a. Kaskel

et al. 1!

previously showed that immersion of Cu-BTC in liquid water resulted in a significant
loss of crystallinity with the diminishment of most of the characteristic peaks. Though most
of the characteristic peaks did diminish after liquid water immersion, two major peaks at 10°
and 12° were still evident; however, they have been shifted to the right. This shift results
from a decrease in the average distance between pore centers*? and can be attributed to a
collapse in pore structure with increasing water exposure.

XRD results shown in Figure 5.1b suggest poor crystallinity in all samples of Fe-
BTC including the dehydrated form as is evident by dull, broad peaks with low counts as
compared to Cu-BTC. As shown by similarities in XRD patterns for Fe-BTC samples, 50%
or even 100% relative humidity did not affect the crystallinity of the material. Similar to Cu-
BTC, immersion in liquid water drastically reduced both the intensity of peaks and showed
dissolution of characteristic peaks, such as those at 7° and 11°.

XRD results shown in Figure 5.1c suggest a minimal effect on the crystallinity of MIL-
53 upon 50% relative humidity exposure, as with Fe-BTC. The MIL-53 sample immersed
in liquid water shows a significant shift in characteristic peaks to the right, as well as a
reduction in the intensity of those peaks. This does not imply a dissolution of larger pores
to make smaller pores, as occurred with Cu-BTC. Rather, the peak shift, which is much
more significant compared with Fe-BTC, can be attributed to the “breathing effect” that

is well understood for MIL-53, in which the pore structure compresses upon hydration and
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decompresses upon dehydration.

Porosimetry

Nitrogen isotherms for Cu-BTC, Fe-BTC, and MIL-53 exposed to water are shown
in Figure 5.2. The shape of each isotherm is classified as Type I according to IUPAC,
representing the microporous nature of these MOF materials. As expected, isotherms of
dehydrated samples show a higher overall quantity of nitrogen adsorbed relative to hydrated
samples. All samples exposed to 50% RH show slightly less Ny adsorption such that the low
concentration of exposed water was enough to manipulate some traditional adsorption sites,
but not enough to impact the overall adsorption capabilities of the MOF. After immersion
in liquid water, Cu-BTC adsorbed hardly any nitrogen after re-dehydration (~95% decrease
in capacity at atmospheric pressure), suggesting a loss in porosity and a lack of adsorption
sites that are consumed by the chemisorption of water. Samples of Fe-BTC and MIL-53
immersed in water retained their ability to adsorb nitrogen with a capacity decrease of

~10% and ~25%, respectively.

Surface areas and pore volumes determined from the isotherms are shown in Table 5.1.
Among the dehydrated samples, Cu-BTC has the highest available surface area. Consistent
with the shift in XRD patterns for Cu-BTC, extreme water exposure significantly reduces
pore volumes and surface areas. This is a result of structural degradation and the overall
collapse of the crystalline framework. This was not the case for Fe-BTC, since pore vol-
umes and surface areas were maintained even after liquid water immersion. Due to pore
decompression after being degassed at its reactivation temperature, MIL-53 also maintained
its surface area and pore volume after water exposure. For Fe-BTC and MIL-53, the slight
decrease in measurements for samples immersed in liquid water may be attributed to any

residual water trapped in the pores, even after degassing, which limits nitrogen adsorption.
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Spectroscopy

Infrared spectroscopy data can provide an adequate understanding of which bonds are
manipulated in these structures upon water exposure. The carboxylate anions within the
aromatic-based organic linkers common to these MOFs are expected to react with water
molecules to form carboxylic acids. On the other hand, unsaturated metal centers as well as
metal-oxygen bonds may be subject to attack by water molecules given the oxidative state

of the metals in the structure.

DRIFTS Spectra

Spectroscopic data from in situ DRIFTS shows the interaction of adsorbed water with
the organic moieties within each MOF. Spectra shown in Figures 5.3 and 5.4 display evidence
of hydration given the effects of water molecules on the protonation of the carboxylate
functionality (1400-1800 cm™!) present in each of the MOFs.

The chemical reaction of water molecules with the carboxylate anion is represented by
the disappearance of the COO~ band (1370, 1400, 1425, and 1470 cm™!) and an appearance
of the COOH band (1700 - 1750 cm ™). Amongst each of the MOFs, MIL-53 showed minimal
changes in DRIFTS spectra of the carboxylate region. In contrast, characteristic peaks of
Cu-BTC show the most significant changes upon varying levels of water exposure. Compared
with Mg-DOBDC, Ni-DOBDC was able to regenerate characteristic peaks even after liquid
water immersion. However, chemisorption of water was evident in Mg-DOBDC spectra as
a result of permanent peak shifts and peak dissolutions. Although not shown in the spec-
tra, water adsorption was also evident by significant broadening of peaks corresponding to
hydroxyl stretches (3100-3800 cm™!). Upon regeneration however, this physically adsorbed
water could be removed.

Collecting infrared data during and after multiple cycles of humidity exposure allows
real time bond changes to be reflected in the IR spectra. Peaks in the spectra that have been

altered relative to the initial fully regenerated sample, even after dry purge and regeneration
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steps, are evidence of bond changes by chemical adsorption of water that resulted in perma-
nent structure manipulation. Evident in the DRIFTS spectra of Cu-BTC, the chemisorption
of water on the framework is confirmed, as shown in Figure 5.5. In this experiment, encom-
passing the results of five cycles of 50% RH exposure, each scan was displayed as its difference
relative to the original, non-exposed, regenerated Cu-BTC material. This depiction clearly
shows the permanent appearance and disappearance of characteristic vibrational bands upon
water exposure by a positive or negative absorbance difference, respectively. The scan of the
regenerated material shows that after five cycles of exposure, the COO™ moiety is no longer
present while the COOH functionality remains.

The lack of chemisorption in Fe-BTC, MIL-53, and Ni-DOBDC materials gives an
understanding of the susceptibility of these frameworks to water molecules. Though they
share similar carboxylate group functionality to Cu-BTC, it is apparent that water molecules
bind reversibly to free carboxylate groups in those frameworks, and that the moieties binding

the structure intact are not as susceptible to water.

Raman Spectra

Spectroscopic data from Raman scattering provides an understanding of the interaction
of adsorbed water with the inorganic moieties within each MOF.

The Raman spectra for Cu-BTC, shown in Figure 5.6, displays regions associated with
the Cu™? ion. The Cu-Cu dimer present in the large cavity within the pore structure for
the dehydrated scan is depicted by Raman shifts at 174, 230, 283 cm~!.%3 Other regions
associated with the Cu™? ion are seen at 464 and 511 cm~! correspond to stretching modes
of the Cu-O bond. The remaining regions in the spectra seen at 748 and 828 cm ™! represent
out-of-plane C-H vibrations from the benzene rings of the organic linker. Spectra show that
50% RH exposure does not significantly manipulate the bonds of Cu-BTC. However, with
100% RH and especially after immersion in liquid water, the spectra change significantly.

Peaks representing Cu-Cu dimers dampen in intensity with increasing water adsorption.
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The dissolution of characteristic peaks in this region (100 - 300 cm™') from the dehydrated
sample to the relatively weak dampened peaks in the extremely hydrated sample suggests
that hydrolysis of copper dimer occurs.

A similar red-shift and dampening effect is seen for characteristic peaks of the Cu-O
bond upon exposure to liquid water (400 - 600 cm™1), possibly due to the hydrolysis of Cu-O-
C- to result in Cu-OH and OH-C-. To confirm the permanent loss of these bonds, the samples
immersed in liquid water were re-dehydrated at conditions similar to the original dehydrated
sample. The Raman spectra of this re-dehydrated sample show a single, low intensity peak at
478 cm~! in place of two peaks corresponding to the Cu-O bond, suggesting the manipulation
of Cu-O in the original structure to possibly form a new Cu-O bond after hydrolysis. Given
these spectroscopic results for Cu-BTC and the loss in crystallinity, porosity, and surface
area, the extreme hydration of the unsaturated metal centers in this MOF results in the
cleavage of copper dimers that maintain the rigidity of the framework leading to the attack
of the metal-ligand bond and the ultimate collapse of the hydrolyzed framework.

Raman spectra results for Fe-BTC, shown in Figure 5.7, are consistent with corre-
sponding XRD and N, isotherm results. Characteristic peaks for Fe-O bonds reduce in
intensity for the sample immersed in liquid water as a result of increased Raman scattering
from physically adsorbed water molecules. However, re-dehydration of this material success-
fully regenerates the adsorbent to its native dehydrated form and suggests that no permanent
manipulations occur to the inorganic moiety in Fe-BTC from water exposure.

The Raman spectra for MIL-53 samples were unable to be obtained due to high fluo-
rescence from aluminum containing compounds, which masks the weaker Raman scattering
intensities. However, as with the DRIFTS results for the organic carboxylate region of MIL-
53, the inorganic components (consisting of Al-O bonds) are not affected by water exposure.
In comparison with Cu-BTC, both MIL-53 and Fe-BTC remain unchanged after extreme wa-

ter exposure. From a thermodynamic perspective, given the increased oxidative state of the
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aluminum and iron species in their respective frameworks, the smaller ionic radii must lead
to a more tightly bound and rigid structure, corresponding directly with the metal-oxygen
bond dissociation energies (Al-O > Fe-O > Cu-0O).

Raman spectra results for Mg-DOBDC and Ni-DOBDC are shown in Figures 5.8 and
5.9, respectively. Characteristic peaks for the Mg-DOBDC sample are unable to be distin-
guished given the low signal-noise ratio evident in the spectra. For Ni-DOBDC, consistent
with DRIFTS results, several of the characteristic peaks are regenerated even after immersion
in liquid water, suggesting the poorer susceptibility of water molecules on its structure. This
can be contributed to the reduction potential difference between the two MOF-74 analogs.
Given the higher reduction potential of nickel compared with magnesium, the magnesium is

a stronger reducing agent and more likely to react with water.?’

5.4 Conclusions

The carboxylate-based MOFs, Cu-BTC, Fe-BTC, MIL-53, Ni-DOBDC and Mg-DOBDC
have been exposed to water at varying degrees. Analysis of crystallinity and porosity mea-
surements using XRD and Ny isotherms gave insight on manipulations of the physical struc-
ture of each MOF upon water exposure. Interpretation of spectroscopic measurements using
a humidity controlled, in situ DRIFTS apparatus, and a Raman spectrometer provided evi-
dence for permanent structure changes due to chemisorption of water.

Characterization techniques have confirmed the well-studied susceptibility of Cu-BTC
to water molecules showing evidence of chemisorption. As expected, extreme water exposure
on Cu-BTC hydrolyzes the Cu-O bond. Interestingly, Raman spectroscopy results showed
that copper dimers forming the backbone of the structure are susceptible to water molecules.
This susceptibility is attributed to unsaturated copper sites available in the large pores of
Cu-BTC that ultimately lead to a permanent collapse in the framework.

Due to a lack of unsaturated metal sites and higher bond dissociation energies, the
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frameworks of both Fe-BTC and MIL-53 remain virtually unchanged across varying degrees
of water exposure. Evidence of physically adsorbed water can be seen in DRIFTS results
of Fe-BTC, with regenerable spectra for re-dehydrated samples. DRIFTS spectra of MIL-
53 samples remain unchanged and show minimal evidence of physically adsorbed water.
Spectroscopic measurements of the organic moieties in DOBDC MOFs show much higher

susceptibility of water on Mg-DOBDC leading to chemisorption at high exposure amounts.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

This dissertation focused on the development and characterization of novel materials
used for high adsorption performance of both acidic and basic light gases. These adsorbents
were incorporated with metal salts either by further functionalization of pre-synthesized sub-
strates or as precursors in the formation of porous composites like metal-organic frameworks
(MOFs). The biphasic substrate primarily used in this work was made up of a mesoporous
silica derived from MCM-41 and a microporous carbon made from a polymerized alcohol.
This carbon silica composite (CSC) was further functionalized by water-soluble metal salts
in both single impregnations as well as dual salt incorporation. With MOFs, a characteriza-
tion analysis was performed to interpret the degradation (or lack thereof) of chemical bonds

within the framework that were susceptible to water adsorption.

In brief, the principal findings of this research are:

Single, salt impregnations on MCM-41 and CSC

e Various water-soluble metal salts were added to CSC, as well as MCM-41 for compar-
ison, at concentrations ranging from 10-65 wt%. Their well-dispersed incorporation
resulted in increased microporosity and reduced surface areas while maintaining struc-

tural integrity.

e Optimal metal salt loading concentrations between 10-30 wt% on CSCs and 30-50 wt%

on MCM-41 yielded highest adsorption capacities.

e For NHj3 adsorption, ZnCl,-CSC was most effective with a capacity as high as 5.8

mol/kg. For SO, adsorption, KoCO3-CSC was most effective with a capacity as high as
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0.51 mol/kg. In order to target both adsorbates with one material, [30 wt% Cu(NO3)s]-
CSC was identified as the best compromise with NHz and SO, capacities of 4.0 and

0.45 mol/kg, respectively.

In-pore synthesis of ZnCO3 on CSC and various single phase adsorbents

The CSC and multiple single phase adsorbents were functionalized with both KyCO3
and ZnCl, sequentially to consolidate their high NH3 and SO5 adsorption performance.
This combination resulted in the formation of insoluble ZnCOg3 within the pores. This
functionalization represents a novel in-pore synthesis method to incorporate otherwise

water-insoluble salts as well-dispersed precipitates on porous materials.

Characterization using X-ray diffraction, microscopy, and porosity measurements showed
that successful incorporation of the insoluble salt was achieved with greater dispersion
as compared to crude impregnation of pre-synthesized ZnCOsz on CSC. In general,
ZnCQO3 functionalization results in reduced surface areas and shifts in pore size distri-

butions while maintaining structural integrity.

Breakthrough measurements reveal a significant increase in the adsorption capacities of
Z/nCOj3 functionalized CSCs. Due to increased dispersion, in-pore synthesis of ZnCOj3

provides higher capacities than the incorporation of pre-synthesized ZnCOs.

In-pore synthesis of ZnCO3 on the mesoporous carbon Norit SX Ultra activated carbon

significantly improves SO, capacities up to 1.2 mol/kg.

In order to target both ammonia and sulfur dioxide effectively, KoCO3-ZnCly-CSC is
identified as the best material with NH; and SO, capacities of 4.2 and 0.59 mol /kg,

respectively.
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Dual salt functionalization on MCM-41 and CSC

e CSC and MCM-41 were functionalized with combinations of potassium carbonate and
potassium phosphate with various metal chlorides leading to the formation of insoluble

precipitates via in-pore synthesis.

e The adsorption capacities of all dual salt functionalized materials was shown to in-
crease. Amongst the metal chlorides tested, zinc and copper chloride provided sig-
nificant increases in TIC adsorption, while magnesium chloride provided the least en-
hancement in capacities. Amongst the potassium salts tested, potassium carbonate

containing composites yielded higher performance materials than potassium phosphate.

e Overall, in-pore synthesis of metal carbonates and metal phosphates on CSC and
MCM-41 via dual salt functionalization resulted in significant enhancement of NHj

and SO, capacities, with KoCO3 and ZnCl, identified as the best material.

Spectroscopic analysis of water susceptibility on MOFs

e The carboxylate-based MOFs, Cu-BTC, Fe-BTC, MIL-53, Ni-DOBDC, and Mg-DOBDC

were exposed to water at varying degrees.

e The well-studied susceptibility of Cu-BTC to water molecules is confirmed by evidence
of chemisorption with DRIFTS. As expected, extreme water exposure on Cu-BTC
hydrolyzes the Cu-O bond. Interestingly, Raman spectroscopy results showed that IR
signatures for copper dimers forming the backbone of the structure disappear. This
susceptibility was attributed to unsaturated copper sites available in the large pores of

Cu-BTC that ultimately lead to a permanent collapse in the framework.

e Due to a lack of unsaturated metal sites and higher bond dissociation energies, the
frameworks of both Fe-BTC and MIL-53 remain virtually unchanged across varying de-

grees of water exposure. Evidence of physically adsorbed water can be seen in DRIFTS
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results of Fe-BTC, with regenerable spectra for re-dehydrated samples. DRIFTS spec-
tra of MIL-53 samples remain unchanged and show minimal evidence of physically

adsorbed water.

e Spectroscopic measurements of the organic moieties in DOBDC MOFs show much
higher susceptibility of water on Mg-DOBDC leading to chemisorption at high exposure

amounts.

Some recommendations that may provide potential opportunities to extend this work include:

e The CSC can be optimized by identifying various other combinations of mesoporous
silica templates with self-polymerizing alcohols such as SBA-15 with acetylene dicar-
boxylic acid. A composite containing a larger pore structure could accommodate in-

creased amounts of functional moieties to enhance TIC adsorption.

e The application of MOF materials for TIC adsorption is promising. To address sta-
bility issues, the least water-susceptible MOFs can be analyzed with breakthrough
measurements and infrared spectroscopy with in situ DRIFTS to analyze real time
manipulations in characteristic peaks representative of structural changes upon NHjy

and SO, adsorption.

e Given the high SO, adsorption capacities obtained via the bridging and terminal hy-
droxyl groups of Zr(OH), and the high NH3 adsorption capacities with surface hydroxyl
groups of mesoporous silica such as MCM-41, a hybrid composite material to consoli-

date two such phases may yield a promising multifunctional adsorbent.

e The functionalization of metal salts on a support such as Zr(OH), should be considered.
Although the impregnants are expected to coordinate and react themselves with the
hydroxyl groups of the structure, they may maintain reactive potential to supplement

additional adsorption of various other substrates.
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e The stability issues of promising functionalized adsorbents containing metal salts added
via incipient wetness should be considered. In humid environments, water-soluble
impregnants are expected to be released and reduce the adsorption capabilities of the

material.
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