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ABSTRACT 

 

In this study, CO2 adsorption in the presence and absence of co-adsorbed H2O 

was investigated on different nanomaterials including nanocrystalline NaY zeolite (nano 

NaY), ZnO, MgO and γ-Al2O3 nanoparticles as well as mixed phase aluminum 

nanowhiskers. In the case of nano NaY, FTIR spectra show that a majority of CO2 

adsorbs in the pores of these zeolites in a linear complex with the exchangeable cation. 

Most interesting is the formation of carbonate and bicarbonate on the external surface of 

nano NaY zeolites, suggesting unique sites for CO2 adsorption on the surface of these 

small nanomaterials. Adsorption of 
18

O-labeled carbon dioxide and theoretical quantum 

chemical calculations confirms the assignment of these different species. For aluminum 

oxyhydroxide nanowhiskers and gamma alumina in the absence of co-adsorbed water, 

CO2 reacts with surface hydroxyl groups to yield adsorbed bicarbonate as well as some 

carbonate.   C
18

O2 adsorption confirms these assignments. In the case of nanoparticulate 

ZnO, CO2 adsorption under dry conditions results in formation of carbonate, bicarbonates 

as well as carboxylates. However, in the presence of co-adsorbed water, only carbonate 

species is formed. 
18

O-labeled carbon dioxide adsorption and theoretical quantum 

chemical calculations confirm the vibrational assignment for these different species.  

Mixed isotope studies with H2
16

O + C
18

O2 and H2
18

O + C
16

O2 suggest that there is 

extensive exchange between oxygen in adsorbed water and oxygen atoms in gas-phase 

carbon dioxide. CO2 adsorption on MgO surfaces, under dry conditions results in 

formation of carbonate and bicarbonates. Implications for the use of these nanomaterials 

in carbon dioxide uptake and storage are discussed.   
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CHAPTER I 

INTRODUCTION 

 

Geological evidence suggests that the temperature of the Earth has been varying 

repeatedly in the past. The Figure below by Intergovernmental Panel on Climate Change 

(IPCC), shows how the temperature has increased since 1860.
1
 Many scientific reports 

suggest that human intervention has caused Earth’s current temperature and climate 

changes, and this is a matter of immense concern. 

 

 

 

Figure 1.1: Global average surface temperature over the past 140 years.
1
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1.1 Greenhouse Gases and Human Activities  

The term “Greenhouse Effect” was first coined by French physicist Joseph Fourier.
2
 

The greenhouse effect is the absorption of infrared radiation by the atmospheric gases 

resulting in the trapping of heat, which results in heating of Earth’s surface.
3
  Greenhouse 

gases contribute significantly to climate change. According to the IPCC, the increase in 

the global temperature is a result of increased concentrations of greenhouse gases caused 

by human activity such as fossil fuel burning, industrialization and deforestation.  

 

1.2 Important Greenhouse Gases  

Carbon dioxide, methane, water, chlorofluorocarbons (CFCs) and nitrous oxide 

are the primary greenhouse gases.  At this point, it is interesting to note that since 1927 to 

the year 2006, the CO2 (carbon dioxide) emissions released from industry and the burning 

of fossil fuel have increased from 1 billion tons per year to 8 billion tons per year,
4 

suggesting that during this time-period tons of pollutant gases have been released into the 

environment as a result of human activities.
 

Carbon dioxide is the fourth most abundant gas in the atmosphere
5
 and is 

uniformly distributed over our planet Earth’s surface with a concentration of about 385 

ppm.
6
 Although CO2 is naturally present in the Earth’s atmosphere, its concentration has 

been rising gradually. Since the industrial revolution, the concentration of CO2 has 

increased by 40%.
7
 To understand the connection between CO2 concentrations and global 

temperatures, Charles David Keeling commenced a systematic measurement of 

atmospheric CO2 in 1958, at Mauna Loa at Hawaii and Antarctica.
8 

The linear increase in 

the concentration of CO2 during the past few decades can be seen below in the graph 
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from Mauna Loa observatory. Though water is a natural greenhouse gas, the greenhouse 

effect of water is not a concern as concentration of water does not change much with 

human activities.
9
 Since 1860, there has been a 4.3% annual growth in the atmospheric 

level of CO2 gas due to human reliance on oil, coal and other such fossil fuels used for 

heating and transportation.
9
 

 

 

 

 

Figure 1.2: Mean annual carbon dioxide concentrations recorded at Mauna Loa in 

Hawaii.
10 

 

 

 

 

Figure 1.3 summarizes the global mean radiative forcing due to various 

atmospheric constituents. A positive radiative forcing results in warming of the 

atmosphere, and a negative forcing results in cooling of the atmosphere.
11

 CO2 has a high 

positive radiative forcing of 1.66 Wm
-2

. Subsequently, the increasing emissions of CO2 

coupled with the high positive radiative forcing as noted above tends to warm the 

atmosphere even further.
11
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1.3 Evidence and Consequences of Global Warming 

There is numerous recent evidence of global warming. The Arctic Sea ice has 

thinned by 40% in recent decades. The ice sheets of the planet are shrinking.
12-15

 Even the  

 

 

 

Figure 1.3: Global mean radiative forcing due to different atmospheric components 

anthropogenic as well as natural. Blue bars indicate a negative forcing and red bars 

indicate a positive forcing. Different greenhouse gases and components are shown in 

different colors.
11

  

 

 

 

mountainous snow is melting. Overall, the world's glaciers are retreating which induce 

sea levels to rise.
16

 There has been an escalation in the number of severe weather events  



 5 

such as wild fires, heat waves and tropical storms. The oceans and trees are thought to  

have absorbed and are continually absorbing the additional CO2 which is being released 

into the atmosphere. The absorption of this extra CO2 by the oceans has lowered their pH.  

Marine ecosystems are continuously being damaged by ocean acidification, evident by 

the shrinking of marine life. Coral reefs are extremely sensitive to climate stress and are 

disappearing. 

 

1.4 Long Term Effects 

It is evident by now that CO2 is continually being emitted into the atmosphere and 

is becoming a cause of our concern. Our concern is increased, as CO2 is associated with 

high positive radiative forcing. Carbon dioxide has a long lifetime and according to the 

literature based on models, 20–35% of the CO2 remain in the atmosphere after 

equilibration with the ocean, which takes 2-20 centuries.
17

 This is then followed by 

further neutralization by formation of CaCO3, which again occurs on long timescales of 

3000 to 7000 yrs.
17

 Considering all the above aspects of CO2, it is evident that we are 

deteriorating the climate not only for us but also for the future generations. 

 

1.5 Future 

The various consequences of global warming (especially CO2 increase), without 

intervention, could be numerous such as  

1) The first and foremost impact of global warming is an increase in global 

temperatures. The IPCC predicts that by 2100, temperatures are likely to rise by 1.8 
o
C-4 

o
C, although the possible range is 1.1 

o
C-6.4 

o
C.

18
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2) The direct result of warming climate will be further melting of glaciers and snow 

cover.  This decline will result in reducing water availability; especially in places where 

snow capped mountains are the water source. 

3) The melting of ice has a direct correlation with rising sea levels. The coastal regions 

will be at an increased risk of flooding.  

4) The other effect of increasing CO2 concentrations, which we are seeing during recent 

times, is a rise in ocean acidity. It has been recently suggested that by 2100, the ocean pH 

is likely to fall to about 7.8, which will drastically impact marine life and organisms.
18

  

5) All these effects will also be coupled with an increasing number of weather extremes. 

Areas prone to droughts and floods will likely experience an escalation in such drastic 

events. There will be development of stronger hurricanes, wildfires and other serious 

natural calamities, which we have already started experiencing.  

6) The climatic changes will lead to serious implications on food production. Crop yields 

could increase in some areas such as East and Southeast Asia (20%), but decrease in 

others such as Central and South Asia (30%).
18

 

7) According to the new report, "Adaptation of Forests and People to Climate Change – 

A Global Assessment", by the International Union of Forest Research Organizations 

(IUFRO), forests have been increasingly affected by the climate change. Growing 

atmospheric CO2 concentrations can further induce forest mortality, and forests will 

release higher carbon dioxide quantities and result in even warmer temperatures. 
19

 

8) A mass extinction of many species from the ecosystem, particularly those with low 

capacity to adapt (the marine life) is predicted. Warming could lead to creation of oceanic 

dead zones, i.e. depletion of oxygen in the world's oceans. Climate Change Report - 2007 
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by IPCC on  “Climate Change Impacts, Adaptation and Vulnerability” suggests the 20-

30% of species are likely to be at high risk of irreversible extinction.
18

  

To summarize, the climate change will not only affect the plant and animal species but 

also will eventually affect lives of millions of people. 
18

 

 

1.6 Management 

Because carbon dioxide is a very important factor contributing to global warming, 

carbon dioxide storage and conversion have attained great importance in the scientific 

community and the public. One of the main strategies for CO2 management is the direct 

capture of CO2 from the source of emission. This can be then followed by longer time 

scale sequestration strategies similar to storing radioactive waste in large tanks 

underground. The other strategy is its adsorption on reactive substrates like zeolites and 

metal oxides and conversion to industrially useful products such as carbonates, 

bicarbonates, methanol, formic acid etc.  

As the sequestration of CO2 is important, understanding the atmospheric 

chemistry is equally important. CO2 is released into the atmosphere in large quantities so 

it is also important to study the chemistry of CO2 in the atmosphere, especially with the 

atmospheric aerosols.  

 

1.7 Atmospheric Aerosol 

  The atmosphere is composed of various constituents. Aerosols are airborne 

particles composed of liquid and solids of different particle sizes (nanometers to 

micrometers in diameter).
20-22

 The atmospheric aerosol is a complex mixture of a number 
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of different compounds that include inorganic, organic and also elemental carbon.
23-25

 

The surfaces of atmospheric aerosols can act as an important source of major 

heterogeneous atmospheric reactions, and it is very important to understand it thoroughly. 

The reactivity of CO2 on these surfaces may be improved or diminished and may also 

depend on the amount of relative humidity in the atmosphere. Therefore, it becomes even 

more interesting to study the reactivity of carbon dioxide on aerosol particles in the 

presence and absence of relative humidity.   

 

1.7.1 Mineral Dust Aerosol 

At all times in the atmosphere, mineral dust is suspended, and on an average 

about 20 trillion grams of dust is in Earth's atmosphere.
26-30

 Dust begins with erosion; the 

lighter particles stay suspended for a period of time and can be transported to far flung 

areas whereas the heavier dust particles fall down sooner due to gravitational pull.
26, 31

 

The dust storm events seem to escalate in areas where there is deforestation and strong 

winds.
32

 Though the chemical composition of dust is complex and varies depending on 

the source region, it is generally comprised of metal oxides, zeolites, carbonates, and 

clays.
33-38

 The mobility of dust is an important part of Earth's climate and it can affect the 

climate of Earth in a number of ways, such as affecting the cloud development, the 

amount of sunlight and rainfall.
39-44

 In addition, dust aerosol can serve as a reaction 

surface for reactive gases such as CO2, SO2, NO2 and others thus affecting atmospheric 

chemistry, which can in turn alter the atmospheric balance. There has been an increase in 

such processes in the atmosphere recently.
45, 46

 Lately, we are hearing of multiple 
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instances of appearances of orange/red dust clouds over China and Australia that are a 

cause of concern as these can be potentially dangerous.  

 

1.7.1.1 Zeolites 

Zeolites are crystalline, porous aluminosilicates that are extensively used in 

catalysis, chemical separations and as adsorbents.
47

 Zeolites are present in small amounts 

in atmospheric aerosols. Nanocrystalline zeolites are a class of zeolite materials with 

particle sizes below 100 nm.  Due to their small size, nanocrystalline zeolites have unique 

properties such as high internal and external surface areas, high concentration of reactive 

sites on the external surface and enhanced diffusional properties.
 
Zeolites can be ideal for 

the mass scale sequestering and/or conversion of CO2 to more useful products. 
 
Recent 

studies indicate that there is a potential to use nanocrystalline zeolites in a number of 

environmental applications.
47-51

 Faujasite zeolites (e.g. NaY) are considered promising 

environmental catalysts because of their cation exchange capacity and acid–base 

properties, and nanocrystalline NaY zeolites have shown enhanced performance for the 

selective catalytic reduction of NOx (NOx = NO + NO2) with urea. 
51, 52

 

 

1.7.1.2 Metal Oxides 

Mineral dust aerosol in the atmosphere consists of different types of metal oxides. 

Metal oxides are of great importance as an environmental interface. They act as 

heterogeneous catalysts where surface reactions of carbon dioxide can be carried out.
34, 53-

58
 In addition to understanding the atmospheric chemistry, adsorbing CO2 on metal oxide 

can be a route for the conversion of CO2 to useful industrial materials. In this thesis, there 



 10 

is a lot of focus on the reactions of metal oxides with carbon dioxide in the presence and 

absence of relative humidity (co-adsorbed water). 

Aluminum oxide is an important metal oxide. It is an abundant metal in the 

Earth’s crust and is a significant component in the mineral dust aerosol. In the 

atmosphere, it exists in the form of different oxides, hydroxides and clays. Natural Al2O3 

exists in different phases namely alpha, chi, kappa, gamma, delta, theta and eta. 

Similarly, there are numerous hydroxides of alumina such as gibbsite, boehmite, 

diaspore, nordstrandite and bayerite.
59-61

 Aluminum oxides and hydroxides are abundant 

in the atmosphere, which make them ideal candidates to study atmospheric reactions with 

major atmospheric gases and especially CO2. Therefore the reaction chemistry that occurs 

at the oxide interface needs to be understood. The adsorption of CO2 on gamma alumina 

under dry condition has been extensively studied before.  Busca and Lorenzelli suggest 

that the reaction of hydroxylated metal oxide surfaces with carbon dioxide results in the 

formation of adsorbed bicarbonates, carbonates (monodentate, bidentate, bridged and 

polydentate), and formates as well as bent CO2 species.
62-68

 However, not much has been 

studied about the adsorption of CO2 on the aluminum hydroxide surfaces. It will be 

therefore interesting to compare the adsorption of CO2 on aluminum oxide and aluminum 

hydroxide surfaces.  

Zinc is another important naturally occurring mineral on Earth and exists in the 

form of important minerals such as sulfide, carbonate, oxide and other important 

minerals.
69

 The applications of zinc oxide powder in industry are numerous. Recent 

studies of CO2 adsorption on ZnO surface have shown the formation of an unusual 

tridentate carbonate species with the two O atoms of the CO2 molecule being almost 
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equivalently bound to two different Zn surface atoms.
70

 Though there have been 

numerous IR spectroscopic studies of CO2 adsorption on zinc oxide surfaces, this is the 

first study to investigate the co-adsorption of carbon dioxide and water on the zinc oxide 

interface. Thus, in this study the role of co-adsorbed water on the adsorption chemistry of 

CO2 on the zinc oxide surface is studied.  To provide insights into the molecular structure 

of the carbonate, bicarbonate and carboxylate product formation as a result of reaction of 

CO2 with the metal oxide surface, quantum chemical calculations were done.   

Another metal oxide, which is equally important in the Earth’s crust, is MgO; 

therefore it is essential to study CO2 adsorption on it. It is also used for numerous 

application in catalysis, refractory material industries, paint, and superconductors.
71-73

 

Recently, MgO is also considered as a promising sorbent for chemisorption of various 

pollutants. Moreover alkaline earth-based oxide materials have received increased 

attention as adsorbents for CO2.
74-76

 In the case of MgO, stoichiometric amounts of CO2 

can be taken up according to the reaction: MgO + CO2 → MgCO3. In this thesis, MgO 

nanomaterials with different surface areas are compared for their CO2 sorption capacities.  

 

1.8 Thesis Overview and Objectives 

A range of experimental techniques were first used to analyze the nanomaterial 

samples used in this study for CO2 adsorption. These methods include X-Ray Diffraction, 

ICP-OES, BET surface area analysis, Transmission Electronic Spectroscopy (TEM), and 

Scanning Electron Microscopy (SEM). All the samples were first characterized and after 

that the samples were analyzed for CO2 adsorption using FTIR (Fourier transmission 

Infrared spectroscopy). As and when required, several other complementary collaborative 
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theoretical techniques were used to comprehend the adsorption of CO2 on these samples. 

All these experiments as well as theoretical techniques used, have been discussed 

thoroughly in Chapter II. 

In Chapter III, the adsorption of CO2 on nanomaterial zeolite samples was 

investigated. The size effects and the affect of relative humidity were analyzed. It was 

also interesting to observe how the exchangeable cation affects bond lengths and 

frequencies of the adsorption. Theoretical quantum chemical calculations were performed 

in collaboration with Dr. Navea Juan using metal hydroxide cluster models to assist in the 

assignment of the vibrational frequencies and bond lengths of adsorbed species on the 

surface.  

In Chapter IV, the adsorption of CO2 on different alumina surfaces was studied. It 

was interesting to observe how the coordination of aluminum changed the product 

formation. For aluminum in tetrahedral sites, bicarbonate species are exclusively formed 

whereas for aluminum in octahedral coordination formed carbonate species mainly. The 

results suggest the important role played by the coordination of aluminum in product 

determination.  

Chapter V comprises the study of CO2 adsorption in the presence and absence of 

co-adsorbed water on the zinc oxide nanomaterial surface using transmission FTIR 

spectroscopy. Under dry conditions, CO2 reacts with the surface hydroxyl groups to form 

adsorbed carbonate and bicarbonate as well as carboxylate. In the presence of water, 

spectroscopic studies confirm that CO2 and water react on the surface of zinc oxide to 

form surface adsorbed carbonate species. Isotope FTIR studies were conducted which 

demonstrate an extensive exchange between oxygen atoms of adsorbed CO2 and 
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adsorbed H2O. To further aid the experimental vibrational assignments, quantum 

chemical calculations were performed in collaboration with Dr. Jonas Baltrusaitis using 

the zinc oxide surface.  

Lastly, in Chapter VI, size and surface area effects are studied. The adsorption of 

CO2 on MgO resulted in formation of surface physically adsorbed CO2 and carbonate as 

well as bicarbonate product. Out of these products, the carbonate species was the most 

stable one. The adsorption of CO2 on commercially available MgO material was 

compared with the high surface area synthesized MgO. The high surface area material 

showed enhanced product formation, as expected.  

 Conclusions are summarized in Chapter VII.  This comprises general 

conclusions, which are drawn from the research. The results presented also provide an 

insight into the CO2 reaction chemistry on the mineral dust aerosol in the atmosphere. 

Moreover, a comparison of various materials based on their CO2 adsorption capacity, 

both by physical adsorption and chemical adsorption (by the formation of carbonates and 

bicarbonates as well as carboxylate species), is made.  
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CHAPTER II 

EXPERIMENTAL METHODS 

 

A number of experimental techniques and methods were utilized in this research 

study and are discussed in details in this chapter. Though Fourier transform infrared (FT-

IR) spectroscopy was used most extensively for the research, other techniques were used 

in conjunction to characterize the nanomaterials. The custom-built FT-IR apparatus used 

is described in detail here and has been discussed before in the literature.
52

 Other 

techniques used for characterization of the nanomaterials were X-Ray diffraction (XRD), 

Scanning electron microscopy (SEM), Transmission electron microscopy (TEM), 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) and Brunauer, 

Emmett, and Teller Surface area analyzer (BET). When required, quantum calculations 

were done to support the research conclusions, which are also discussed in this chapter.  

 

2.1 Transmission FT-IR Spectroscopy Experiments  

2.1.1 Experimental Setup for Transmission FT-IR Studies 

A Mattson Infinity Gold FTIR spectrometer with a liquid nitrogen-cooled narrow 

band mercury–cadmium–telluride (MCT) detector was used to probe the CO2 adsorption 

on nanomaterials. The set up consists of a stainless steel infrared sample cell that is 

placed inside the sample compartment of the spectrometer. This stainless steel cell has 

external dimensions of approximately 7 cm x 7 cm x 7 cm (length x width x height) and 

internal volume of 319 mL as shown in Figure 2.1 This cell is equipped with two BaF2 

windows for infrared measurements which were sealed by O-rings in the IR cell. Inside 
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Figure 2.1: Schematic of the IR cell used for transmission FT-IR studies:  1. Photoetched 

tungsten grid held by sample holder jaws (a) the sample side and (b) blank grid side; 2. 

Infrared incident light; 3. Aluminum screws and holder for the BaF2 windows; 4. O-rings 

to hold the BaF2 windows; 5. BaF2 window; 6. Stainless steel holder; 7. Stainless steel 

infrared cube; 8. Holes for clamping the sample holder; 9. Gas or vapor inlet/outlet 

towards the gas handling system.
77 
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the IR cell is the sample holder that consists of a 2.5 cm x 2.5 cm photoetched tungsten 

grid held in place by nickel jaws. The nickel jaws are connected to the copper leads so 

that the sample can be resistively heated. Thermocouple wire is attached directly to the 

tungsten grid and is used to determine the sample temperature. The sample holder is then 

placed inside the stainless steel cube that sits on a linear translator, as shown in Figure 

2.2.  The linear translator allows the sample grid to be translated forward as well as 

backward with respect to the infrared beam. Such a set up permits the detection of gas-

phase and adsorbed species under identical reaction conditions. The IR reaction cell is 

connected to the premix chamber, which in turn is connected to a vacuum/gas handling 

system. Through the gas handling system, known amount of gases (CO2) or vapors (water 

vapor) can be premixed in the premix chamber before being introduced in the reaction 

cell. The volume of the total system is 1197 mL (sample cell + premix chamber + gas 

manifold). The volume of premix chamber and the gas manifold together is 878 mL. Two 

absolute pressure transducers (MKS instruments) were used to monitor the pressures of 

gases introduced. These operate in different ranges of pressure; 0.001 to 10.00 Torr and 

0.1 to 1000 Torr. The IR cell compartment is put in the dry air purge throughout. The 

purge air is cleaned and generated by air generators.  The IR cell, premix chamber and 

the gas handling system can be differentially pumped under a vacuum of a turbo and 

mechanical pump, in combination, that are used to evacuate the overall system pressure 

down to around 1 x 10
-6

 Torr. Finally commercial WinFirst software is used to record the 

FT-IR spectra collected by the spectrometer.  
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Figure 2.2: Schematic representation of the experimental setup for transmission FT-IR 

studies.
78
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2.1.2 Protocol for FT-IR Experiments 

The IR sample holder sits on the linear translator that allows in situ evaluation of 

both the sample and gas-phase.  This instrumental set up allows detection of gas-phase 

(Figure 2.3(a)), the surface sample with adsorbates (Figure 2.3 (b)), and also the sample 

surface (Figure 2.3 (c)). This can be followed by taking a difference spectrum to obtain 

information of adsorbed species (Figure 2.3 (d)). The subtraction of the clean sample 

spectrum (BaY zeolite surface is used as an example here) from the spectrum of sample 

(BaY zeolite) with adsorbed species gives the spectrum for the adsorbed species. The 

gas-phase (here CO2) spectrum can be obtained by ratioing the blank side of the grid 

under gas exposure to the one without it. Thus a spectral manipulation allows both the 

gas-phase and the surface to be studied at the same time.  All the IR spectra were 

recorded at approximately 296 K. Each spectrum was obtained by averaging 256 scans at 

an instrument resolution of 4 cm
-1

 or otherwise specified. Each absorbance spectrum 

shown represents a single beam scan referenced to the appropriate single beam scan of 

the clean zeolites or the blank grid, unless otherwise noted. Timed experiments can be 

done by running a macro program. The macro automatically records IR spectra of the 

gas-phase or sample surface at regular time intervals. The FT-IR instrumental parameters 

and macro programs are given in Appendix A.  

 

2.1.3 Sample Preparation for FT-IR Studies  

A mass of 10-20 mg of the sample was either coated (mixed with water) or 

pressed onto the photoetched tungsten grid (Figure 2.1). The samples were either 

evacuated only or heated along with evacuation. Heating temperatures were decided with 
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consideration of the decomposition, phase change, and particle size change temperatures 

of individual samples. Samples, such as MgO and ZnO are very reactive and have 

carbonate product on them. These samples were calcined to eliminate the carbonate 

impurities.   

 

Figure 2.3: Transmission FT-IR spectrum (a) of gas-phase; (b) of BaY zeolite and surface 

adsorbed species; (c) of clean zeolite; (d) a difference spectrum of adsorbed species as a 

result of the spectral subtraction of the clean zeolite surface from the spectrum 2.3 (b).   

 

 

  

IR 

Figure 2.3 (b)  Figure 2.3 (a)  

Figure 2.3 (c)  Figure 2.3 (d)  
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2.2 X-Ray Diffraction 

Powder X-Ray diffraction measurements were performed using a Bruker D- 

5000 q-q diffractometer with a Cu Kα source and a Kevex energy-sensitive detector. This 

was used to determine the purity of samples as well as the different phases that were 

present.  

 

2.3 Scanning Electron Microscopy 

Scanning electron microscopy (SEM, Hitachi S-4000) was used to determine 

particle morphology and particle size of the nanomaterials. Particles were either sprinkled 

or a dilute solution of sample in water or methanol was dropped onto an aluminum stub. 

The sample was coated with gold under argon atmosphere. Sample imaging was done 

using an accelerating voltage of 15 kV, which was followed by computer software to 

generate images of the respective samples. 

 

2.4 Transmission Electron Microscopy  

Transmission electron microscopy was used to determine the particle size 

distribution of nanomaterials. JEOL JEM-1230 with a Gatan ultrascan camera was used 

to acquire images. The nanoparticles were deposited on copper TEM grids. An 

accelerating voltage of 40-120 kV was used for sample imaging. Finally a computer 

software was used to generate a particle size distribution.  

 

  

 



 21 

2.5 Surface Area Measurements 

Quantachrome Nova 4200e surface area analyzer was used to determine the 

surface areas for the samples, using a seven-point N2-BET (Brunauer, Emmett and Teller) 

adsorption isotherm. For each surface area measurement, approximately 0.2 g of sample 

was taken. Prior to surface area measurements, the individual samples were either 

evacuated or heated in heating jackets overnight. For zeolites, the external surface area 

and total surface area was measured before and after removing the template from the 

synthesized zeolite sample. The heating temperature used was determined based on 

factors such as phase/size transition temperature and other factors as discussed 

previously.  

 

2.6 Inductively Coupled Plasma Optical Emission  
Spectroscopy  
 

The Si/Al/Ba ratio of the Y zeolite samples was determined by a Perkin Elmer 

Plasma 400 Inductively Coupled Plasma Atomic Emission Spectrometer (ICP/AES) 

spectrometer. Samples were first digested by dilute HF acid followed by neutralization in 

NaBO3. Four standard calibration solutions with known silicon (aluminum, sodium, and 

copper) concentrations were prepared.
79

 A working curve was then generated, from 

which the silicon, aluminum, sodium and barium concentrations in various zeolite sample 

solutions were obtained.
79 

 

2.7 Quantum Chemical Calculations  

Quantum chemical calculations were performed in order to better understand the 

influence of adsorption on the structure and vibrational frequencies of physisorbed 
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carbon dioxide and chemisorbed products (formation of carbonate, bicarbonate and 

carboxylate species). 

 

2.7.1 Adsorption of CO2 on Zeolite Nanomaterials 

Both energy optimization and vibrational frequency calculations were performed 

with the hybrid Becke (B3) exchange and the Lee, Yang, and Parr (LYP) correlation 

(B3LYP) functionals in combination with the Los Alamos ECP and double-ζ level of 

theory (LanL2DZ) as implemented in the GAUSSIAN 03 package.
80 

Calculations were 

done using different gas-phase cluster structures with two different cations, Na
+
 and Ba

2+
.  

In order to have a formally neutral cluster, the hydroxyl complexes of the corresponding 

cations were used.  In addition, carbonate and bicarbonate possible products were 

investigated with B3LYP LanL2DZ, and the geometry optimization was conducted using 

carbonate and bicarbonate models as the neutral clusters BaCO3; Na2CO3; BaOH(CO3H) 

and; Na(CO3H). 

 

2.7.2 Adsorption of CO2 on ZnO Nanomaterials 

Quantum calculations were performed for adsorption of CO2 on ZnO. All 

molecules and clusters were optimized within the Density Functional Theory 

approximation 
81 

using spin restricted calculations with B3LYP functional
82-84

 as 

implemented in Turbomole and TZVP basis set 
85, 86

with multipole accelerated resolution 

of identity approximation
87

 (MARIJ-B3LYP/ TZVP).  No symmetry constraints were 

imposed during the geometry optimization.  Vibrational frequencies were calculated after 

the optimization at the same level of theory to confirm that the optimized geometry was a 
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minimum in the potential energy surface.  No negative vibrational frequencies were 

observed for minimum structures.  Geometry optimization and frequency calculations 

were performed using Turbomole 6.1 package running on a Linux workstation.
88

 All 

structures were visualized using commercially available Chemcraft software.
89

 

 

2.8 Reagents and Materials 

2.8.1 Zeolites  

Three different zeolite nanomaterials were used in this study, namely commercial 

zeolite, NaY (Sigma-Aldrich), synthesized BaY and synthesized nano NaY. BaY was 

prepared from NaY (Sigma-Aldrich) using standard ion-exchange procedures as 

described previously.
52

 Briefly, the sample preparation of nano NaY is described in 

Chapter III. A Hitachi S- 4000 scanning electron microscope was used to obtain images 

of these nanomaterials. The crystal sizes of NaY, BaY and synthesized nano NaY were 

determined to be 1000 nm, 1000 nm and 38 nm respectively. The surface area of these 

nanomaterials was determined using the BET surface area analyzer. The external surface 

area has been determined to be ca. 1 m
2
/g, 1 m

2
/g and 106 m

2
/g, respectively.

90
 Physical 

properties and source of these samples are summarized in Table 2.1.  The Si/Al ratio 

determined for NaY and nano NaY is 2.0 and 1.8, respectively, as measured by 

inductively coupled plasma optical emission spectroscopy (ICP-OES). In BaY the Ba/Al 

ratio was determined by ICP/OES to be 0.65. 
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2.8.2 Metal Oxide Powders 

The physical properties of different metal oxide samples used are also 

summarized in Table 2.1 along with the zeolites. Two types of aluminum based oxides 

were used. γ-Al2O3 with a surface area of 195 m
2
/g was purchased from Nanostructured 

and Amorphous Materials, Inc. (Houston, TX). Alumina whiskers, from Sigma-Aldrich 

(St. Louis, MO), was a mixture of boehmite and bayerite with a surface area of 320 m
2
/g. 

Another metal oxide, ZnO, was received from Meliorum Technologies, Inc. (Rochester, 

NY) and determined to have a low surface area of 15 ± 1 m
2
/g and size of 5 nm. A JEOL 

JEM-1230 transmission electron microscope was used to obtain images of the 

nanoparticulate metal oxides. Two other metal oxide samples, MgO, were used in this 

study.  Both commercially available and lab synthesized MgO samples were used. The 

synthesis of 9 nm MgO is explained in details in Chapter VI. For comparison studies, a 

low surface area (35 m
2
/g) MgO sample was purchased from Sigma-Aldrich (St. Louis, 

MO). X-ray diffraction patterns of the powders confirmed the crystalline phases of these 

samples. 

 

2.8.3 Gases 

Research-grade purity carbon dioxide (C
16

O2) was purchased from Airgas. C
18

O2 

(minimum 97 atom % 
18

O), 
18

O labeled carbon dioxide, was purchased from ISOTEC. 

Both the gases were used directly without any purification. 
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2.8.4 Liquid Reagents 

Water vapor was taken from the headspace of different glass bulbs. Distilled H2O 

used was Optima grade and was purchased from Fisher Scientific Inc. Distilled H2O was 

purified by freeze, pump thaw cycles and was also degassed prior to use. 
18

O labeled 

water, H2
18

O was purchased from ISOTEC (minimum 95 atom % 
18

O) and used as 

received. Prior to use
 18

O labeled water (H2
18

O) was transferred to a glass bulb under 

nitrogen atmosphere.   

 

 

Table 2.1: Summary of nanomaterials used in this thesis study. 

Nanomaterial  
Surface 

Size 
(nm) 

Surface 
Area (m2/g) 

Source 

NaY 1000 655 Sigma-Aldrich 

BaY 1000 332 Synthesized 

Nano NaY 38 523 Synthesized 

Alumina Whiskers 4x2800 320 Sigma-Aldrich 

10 nm Alumina 10 195 Nanostructured and 

Amorphous Materials 

ZnO 23 15 Melorium 

Technologies 

Synthesized MgO 9 121 Synthesized 

Commercial MgO 36 35 Sigma-Aldrich 
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CHAPTER III 

CARBON DIOXIDE (C16O2 AND C18O2) ADSORPTION IN ZEOLITE Y 

MATERIALS: EFFECT OF CATION, ADSORBED WATER AND PARTICLE 

SIZE  

 

3.1 Abstract 

In this study, CO2 adsorption in the presence and absence of co-adsorbed H2O 

was investigated in zeolite Y.  Several different zeolite Y materials were investigated 

including commercial NaY, commercial NaY ion-exchanged with Ba
2+

 and 

nanocrystalline NaY; herein referred to as NaY, BaY and nano NaY.  Following heating 

of these zeolites to 573 K and cooling to room temperature, CO2 was adsorbed as a 

function of pressure.  FTIR spectra show that a majority of CO2 adsorbs in the pores of 

these three zeolites (NaY, BaY and nano NaY) in a linear complex with the exchangeable 

cation, as indicated by the intense absorption band near 2350 cm
-1

, assigned to the ν3 

asymmetric stretch of adsorbed CO2.  Most interesting is the formation of carbonate and 

bicarbonate on the external surface of nano NaY zeolites as indicated by the presence of 

several broad absorptions bands in the 1200 -1800 cm
-1

 region suggesting unique sites for 

CO2 adsorption on the surface of the nanomaterial. For the other two zeolite materials 

investigated, bicarbonate formation is only evident in BaY zeolite in the presence of co-

adsorbed water. Adsorption of 
18

O-labeled carbon dioxide and theoretical quantum 

chemical calculations confirm these assignments and conclusions.   
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3.2 Introduction 

Carbon dioxide (CO2) is the fourth most abundant gas in the atmosphere 

uniformly distributed over the Earth's surface with a concentration of about 385 ppm.
6
 

Globally the CO2 concentration has increased by more than 40% since the Industrial 

Revolution
 
and is continuously increasing.

7
 As CO2 plays an important role in global 

warming, it has become necessary to think about new approaches and novel ideas for 

CO2 management.  Some of the strategies to reduce its concentration include reducing 

emission from vehicles and industries, using alternate sources of energy (wind energy, 

tidal energy, and solar energy), gas capture and adsorption, sequestration and recycling 

similar to radioactive waste and adsorbing it on reactive substrates such as metal oxides.  

Recent studies indicate that zeolites have the potential to adsorb, store and convert CO2 

into more useful products.
91-95

 

 Zeolites can perhaps be ideal for the mass scale sequestering and/or conversion 

of CO2 to more useful products.  Zeolites are crystalline, porous aluminosilicates that are 

extensively used in catalysis, chemical separations and as adsorbents.
47,48

 Nanocrystalline 

zeolites are a class of zeolite materials with particle sizes below 100 nm.  Due to their 

small size, nanocrystalline zeolites have unique properties such as both high internal and 

external surface areas, high concentration of reactive sites on the external surface and 

enhanced diffusional properties.
47,48 

Recent studies have shown that nanocrystalline 

zeolites have potential use in a number of environmental applications.
47-52

 Faujasite 

zeolites (e.g. NaY) are considered promising environmental catalysts because of their 

cation exchange capacity and acid–base properties, and nanocrystalline NaY zeolites 
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have shown enhanced performance for the selective catalytic reduction of NOx (NOx = 

NO + NO2) with urea.
52

 

 In this study, adsorption of C
16

O2 and C
18

O2 was investigated on synthesized 

nanocrystalline NaY zeolite (nano NaY) as well as commercially available zeolite 

catalysts (NaY, BaY) under both dry conditions and in the presence of co-adsorbed 

water. FTIR spectroscopy was used to probe adsorbed CO2. In particular, we present in 

this study: (i) experimental data for CO2 adsorption in three zeolite Y materials including 

isotope data to support vibrational mode assignments; (ii) CO2 adsorption in a new type 

of zeolite, nanocrystalline zeolites with particle size below 100 nm, where unique carbon 

dioxide adsorption sites are observed due to the high external surface area and; (iii) 

experimental data which probes the impact of adsorbed water on the reactivity of the 

three zeolites investigated (NaY, BaY and nano NaY).  Besides the isotope data, quantum 

chemical calculations are used to aid in the mode assignments. It is shown here that 

zeolite Y adsorbs CO2 both molecularly, in a linear bonded complex, as well as through 

the formation of carbonates and bicarbonates depending upon the zeolite and 

experimental conditions, i.e. in the presence and absence of co-adsorbed water, the 

exchangeable cation and the zeolite particle size. 

 

3.3 Experimental and Theoretical Methods 

3.3.1 Zeolite Materials 

Commercial zeolite, NaY (Aldrich) and synthesized nano NaY
50

 were used for 

these studies.  The crystal sizes were ~1 nm and 38 nm for NaY (Aldrich) and nano NaY, 

respectively.  Figure 3.1 shows scanning electron micrographs of these two different  
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(a) 

 

 

 
 

  (b) 

 

Figure 3.1: Different zeolite materials used in the study. (a) NaY (Aldrich) and (b) nano 

NaY.
94
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zeolite samples.  The most important difference between the two samples is particle size 

and the difference in external surface area. The external surface area for the two sizes has 

been determined to be ca. 1 m
2
/g and 106 m

2
/g, respectively.

79 
As discussed previously, 

the external surface area for the 38 nm nano NaY is 100 times greater than the 

commercial sample.  The external surface provides for additional reaction sites and 

functionality in these nanocrystalline zeolite materials.  The Si/Al ratio determined for 

NaY (Aldrich) and nano NaY is 2.0 and 1.8, respectively, as measured by inductively 

coupled plasma optical emission spectroscopy (ICP-OES). 

BaY was prepared from NaY (Aldrich) using standard ion-exchange procedures 

as described previously.
90

 Briefly, aqueous 0.5 M BaCl2 solution was added to NaY and 

stirred with heating to 363 K for 24 h. The resulting solution was washed with deionized 

water and filtered until the filtrate was free of chloride ions. The Ba/Al ratio was 

determined by ICP/OES to be 0.65. 

 

3.3.2 Transmission FTIR Spectroscopy 

 In situ transmission FT-IR spectroscopy was employed to investigate the 

adsorption of CO2 in zeolite materials. The infrared sample cell used here has been 

described previously.
51 

The Mattson Galaxy 6000 infrared spectrometer is equipped with 

a narrowband MCT detector.  It consists of a stainless steel IR cell equipped with two 

BaF2 windows for infrared measurements and is connected to a vacuum/gas handling 

system.  Inside the IR cell is the sample holder that consists of a photoetched tungsten 

grid held in place by nickel jaws.  Approximately 12 mg of zeolite sample was mixed 

with a few drops of methanol and sonicated for 20 minutes.  This preparation resulted in 
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the formation of a suspension.  The suspension was then coated onto half of the tungsten 

grid and allowed to dry.  The IR cell was then placed inside the stainless steel cube that 

sits on a linear translator inside the FTIR sample compartment.  The samples were heated 

overnight under vacuum at 513 K or higher to remove adsorbed water. Reactant gases 

were introduced into the reaction cell through the gas handling system.  In the dry 

experiments, i.e. in the absence of co-adsorbed water, the zeolite was equilibrated for 

around 30 minutes with carbon dioxide prior to a spectrum being recorded.  Carbon 

dioxide and water were also co-adsorbed into the zeolite. In these experiments, water 

vapor (1% RH) was introduced into the reaction cell and allowed to equilibrate followed 

by evacuating the cell for an hour to remove any gas-phase water in the reaction cell.  

Carbon dioxide was then adsorbed at different pressures at a temperature of 298 K.  The 

exact pressures are given in the figure captions.  Each spectrum was obtained by 

averaging 256 scans at an instrument resolution of 4 cm
-1

.  Each absorbance spectrum 

shown represents a single beam scan referenced to the appropriate single beam scan of 

the clean zeolites or the blank grid, unless otherwise noted.  It should be noted that the 

zeolite absorbs strongly below 1300 cm
-1

 and can result in a sloping background in this 

region as a result of poor spectral subtraction. 

 

3.3.3 Quantum Chemical Calculation of Carbon Dioxide, 

Bicarbonate and Carbonate Complexes  

  

In order to better understand the influence of adsorption on the structure and 

vibrational frequencies of carbon dioxide, several quantum chemical calculations were 

performed. All the electronic structures minimizations and vibrational calculations were 

performed using density-functional method, with the hybrid Becke (B3) exchange and the 
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Lee, Yang, and Parr (LYP) correlation (B3LYP) functionals in combination with the Los 

Alamos ECP and double-ζ level of theory (LanL2DZ) as implemented in the 

GAUSSIAN 03 package.
80

 

As it has been previously shown that the primary interaction between carbon 

dioxide and zeolites is with the exchangeable cation,
96-100

 calculations were done using 

different gas-phase cluster structures with two different cations, Na
+
 and Ba

2+
.  In order 

to have a formally neutral cluster, the hydroxyl complexes of the corresponding cations 

have been used.  The electrostatic contribution from the hydroxyl counter ion (OH) 

serves as a good model to resemble the interaction between the cation and the zeolite 

oxygen atoms.  Figure 3.2 shows the minimized structures for the different models: (a) 

and (b) show the CO2 complex the corresponding metal hydroxide, Na(OH) and 

Ba(OH)2. In addition, carbonate and bicarbonate possible products have also been 

investigated with B3LYP LanL2DZ, and the geometry optimization for carbonate and 

bicarbonate models are shown in Figure 3.2 as the neutral clusters (c) BaCO3; (d) 

Na2CO3; (e) BaOH(CO3H) and; (f) Na(CO3H). 

To aid in the interpretation of the experimental data, calculations were performed 

for both C
16

O2 and C
18

O2 on different carbon dioxide isotopes.  These fundamental 

vibrational frequencies on gas-phase carbon dioxide have been reported in previous 

studies using B3LYP/6-31G(d) level of theory.
101

 Here, in order to determine the effect 

of the basis set used, fundamental vibrational frequencies were determined for C
16

O2 and 

the labeled C
18

O2 at B3LYP LanL2DZ level of theory. In addition, the frequencies of the 

clusters were calculated using the basis set 6-311+G(d,p) for Na
+
 coordinated to CO2, as 

well as  several other ions coordinated to CO2, to determine the effect of the LAN2DZ 
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basis set on the frequencies.  Differences in the frequencies calculated between the two 

basis sets were determined to be small (≤ 2%), which is in good agreement with 

previously reported studies.
102

  

It is important to note that because all the calculated frequencies correspond to the 

vibrational modes of the molecule in gas-phase, the experimentally observed frequencies 

of the adsorbed species may be slightly different than those in the calculated spectra.  

Furthermore, the calculated harmonic frequencies tend to differ from experimental values 

due to a combination of anharmonicity effects, electron density correlation effects and 

basis set deficiencies. In order to best correct for these, an empirical scaling has been 

applied based on the harmonic frequencies calculated and the observed experimental data 

for gas-phase carbon dioxide. The scaling factor used to correct the calculated CO2 

frequencies was obtained from averaging the calculated-to-experimental ratio of the 

different vibrational modes for the isolated CO2 molecule that are infrared active: the 

asymmetric stretching ν3 and the doubly degenerated ν2 bending modes (the symmetric 

stretching ν1 is only Raman active).
103-105

 The averaged scaling factor was determined 

using also the experimental and calculated values for the isotopic labeled C
18

O2. Thus, 

the frequencies of the CO2 vibrational modes have been scaled using an empirical scaling 

factor of 0.95. The scaling factor facilitates the assignments of the vibrational frequencies 

measured using FTIR spectroscopy. 
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3.4 Results and Discussion 

3.4.1 Quantum Chemical Calculations of Carbon Dioxide, 

Bicarbonate and Carbonate Complexes 

 

CO2 interactions with hydroxyl metal clusters were calculated, with the surface 

being modeled as Mn(OH) (M correspond to the ion exchange, Ba
2+

 or Na
+
), as illustrated 

in Figure 3.2. The OH counter ion modified the electron density associated with the 

carbon dioxide molecule and the cation (M
n+

) of interest, thus resembling the influence of 

a local zeolite structure in a simplified fashion.  It can be seen that for the minimized 

structures shown in Figure 3.2 (a) and (b), the interaction with the cation causes an 

increase in the length of the C-O bond adjacent to the cation, subsequently decreasing the 

length of the other C-O bond.   As discussed below, this change in molecular symmetry 

gives rise to an infrared active symmetric ν1 vibrational mode. The calculated bond 

lengths for carbon dioxide are identical for both structures containing either Na
+
 or Ba

2+
.  

In particular, the bond lengths calculated for the clusters are calculated as: 

 

 

003.1
OCd

OCd

OCd

OCd
2BaNa

=
−

−
=

−

−
++

                                      (1) 

 

 

Importantly, from the perspective of this study, the ν1 vibrational mode becomes 

IR active as a result of the interaction with the cation and the asymmetry in the bond  

lengths. Fundamental vibrational frequencies calculated for unlabeled and 
18

O labeled gas 
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(a) 

 
 (b) 

 

 
               (c)     

 

Figure 3.2: Energy minimized structures for (a) (OH)Na···O-C-O; (b) (OH)2Ba···O-C-O; 

and energy minimized structures for carbonate and bicarbonate complexes with Ba
2+

 and 

Na
+
: (c) BaCO3; (d) Na2CO3; (e) Ba(OH)CO3H; and (f) (OH)NaCO3H. 
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 (d) 

 

 (e) 

 

 
 

(f) 

 
 

(Figure 3.2 continued) 
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phase CO2 and CO2 clusters (3.2 (a) and (b)) are given in Tables 3.1 and 3.2, 

respectively, along with their relative intensities. The reported frequencies are calculated 

at the same level of theory and scaled to a proper scaling factor, as discussed previously 

in the Experimental Section.   

Compared with the asymmetric stretch of carbon dioxide (Table 3.1), ν3, and the 

Raman active ν1, both vibrational frequencies show a surface influence.  In addition, 

Table 3.1 shows the calculated frequencies for the equivalent-energy in-plane and out-of-

plane CO2 bending vibrational modes (ν2).  Upon interaction with the surface, this doubly 

degenerated CO2 bending mode (ν2) of the isolated molecule is separated into two 

different vibrations attributed to the change of symmetry of the molecule: an in-plane 

bending mode, ν2(O-C-O)a, and an out-of-plane bending mode, ν2(O-C-O)b.  For the 

models shown in Figure 3.2, the symmetry is approximately maintained in most cases, 

although the contrast between these two bending modes becomes more pronounced. This 

energy difference in the ν2 bending modes is more obvious in the (OH)2Ba····O-C-O 

cluster, where an in-plane bending mode could be further distinguished from an out-of-

plane bending mode due to cluster geometry.  On a zeolite frame, this symmetry 

distortion will resemble the ion-exchange solvating zeolite ring.   The CO2 ν3 vibrational 

frequency difference upon interaction with Na(OH) and Ba(OH)2 is about 2 cm
-1

.  In 

addition, there is a transition dipole moment now for the ν1 symmetric frequency mode, 

otherwise inactive for gas-phase CO2.  

Figure 3.2 also shows the minimized structures for carbonate and bicarbonate 

possible adsorbed products associated with both ion-exchanges examined and using the 

same level of theory.  The vibrational frequency calculations for carbonate/bicarbonate  
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Figure 3.3: (A) represents the calculated spectra of (OH)Na clustered with CO2 unlabeled 

(solid blue line) and labeled (dashed blue line); (B) represents the calculated spectra of 

(OH)2Ba clustered with CO2 unlabeled (solid blue line) and labeled (dashed blue line) 

and the calculated spectra of (OH)Ba(HCO3) cluster (green solid line); (C) represents the 

vibrational modes for aluminum oxide carbonate complexes (red line) and aluminum 

oxide bicarbonate complexes (green line) as reported in literature.
106
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adsorbed to the surface show three bands, where the two higher frequencies correspond to 

the ν3 degenerate upon interaction with the surface and subsequent loss of symmetry; ν3 

is, therefore, split into ν3(O-C-O)a and ν3(O-C-O)b bands. Table 3.2 gives the calculated 

ν1 and ν3 vibrational frequencies for carbonate. Frequencies were scaled using the 0.95 

scaling factor, as discussed previously in the Experimental Section. In addition, it is 

important to point out that the presence of water solvating molecules decrease the 

interaction between the carbonate/bicarbonate species with the surface, which affects the 

geometry of the molecule. Consequently, the frequency difference for the ν3(O-C-O)a 

and ν3(O-C-O)b modes decreases as the carbonate/ bicarbonate interaction with the ions 

decrease.
100 

 

 

Table 3.1: Calculated frequencies (cm
-1

) for the vibrational modes of C
16

O2 and C
18

O2. 

Vibrational Mode C16O2    C18O2 

ν1 1335 1258 

ν2 647 637 

ν3 2408 2363 

 

 

This is reflected in the frequencies for the ν3(O-C-O)a and ν3(O-C-O)b stretching modes. 

Vibrational frequency calculations of the isolated bihydrated barium carbonate cluster, 

Ba(CO3)2·(H2O)2,show that the ν3(O-C-O)a and ν3(O-C-O)b bands are 1124 and 1630 cm
-1

 

respectively. This represents a reduction in the magnitude of the band split (∆ν3) from 

615 cm
-1

 under dry conditions to 506 cm
-1

 in the presence of two solvating water 

molecules; this difference between the isolated Ba(CO3)2 and the Ba(CO3)2·(H2O)2 is  
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Table 3.2: Calculated scaled vibrational frequencies
a
 for linear CO2 

complexes, {(OH)Na/CO2 and (OH) Ba/CO2} and carbonate and 

bicarbonate complexes {Na2CO3, BaCO3, Na(HCO3) and Ba(OH)(HCO3)}. 

 

Vibrational Modes (OH)Na⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅CO2    (OH)2Ba⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅CO2 

ν1 

 

1356
 a
 

(1268)
 b

 

1354 

(1276) 

ν2(O-C-O)a 

 

643 

(634) 

645 

(636) 

ν2(O-C-O)b 

 

643 

(632) 

641 

(631) 

ν3 

 

2442 

(2393) 

2439 

(2402) 

Vibrational Modes Na2222CO3    BaCO3 

ν1 945 892 

ν3(O-C-O)a 1263 1010 

ν3(O-C-O)b 1583 1625 

Vibrational Modes Na(HCO3) Ba(OH)(Η(Η(Η(ΗCO3) 

ν1 1001 1241 

ν3(O-C-O)a 1409 1395 

ν3(O-C-O)b 1790 1668 

 

a
 Calculated scaled vibrational frequencies in cm

-1
 for C

16
O2 complexes. 

 
b
 Values in parentheses represent the calculated scaled vibrational 

frequencies
a
 for the analogous C

18
O2 complexes. 

 

 

 

 



 41 

attributed to the carbonate ion relaxing to a “less coordinated” state and confirms 

previous observations on different surfaces.
101, 106 

If carbonate/bicarbonate species are  

produced, analogous ν3(O-C-O)a and ν3(O-C-O)b bands are expected to be observed in 

the  experimental infrared data.  

Figure 3.3 summarizes and provides in stick format the vibrational frequencies 

calculated from several of the cluster models. These data are used as a guide for the 

interpretation of the experimental data. It is clear from Fig. 3.3 that bicarbonate products  

have an intense band below 1500 cm
-1

. In addition, Fig. 3.3C shows calculated 

frequencies for vibrational modes of carbonate and bicarbonate coordinated to aluminum 

oxide binuclear clusters. These frequencies are taken from Baltrusaitis et al. and are used 

to interpret the data for nanocrystalline zeolites spectra (vide infra).
101, 106 

 

3.4.2 Transmission FTIR Spectroscopy of Carbon Dioxide 

Adsorbed in NaY, BaY and Nano NaY Under Dry 

Conditions 

 

 Figure 3.4(a), 3.4(b), 3.4(c) shows the IR spectra collected upon adsorption of 

C
16

O2 in all three zeolites, NaY, BaY and nano NaY. Adsorption of carbon dioxide on all 

the three surfaces results in the formation of an intense adsorption band in the 2350 cm
-1

 

region and formation of other smaller peaks both at higher and lower wavenumber 

regions. All the peaks grow in intensity with increasing carbon dioxide pressures.  These 

peaks have been discussed in detail below as a comparison for the three surfaces.  

Before moving on to the comparison, we discuss here the intense absorption band 

at 2351 cm
-1

,
 
which is assigned to the asymmetric stretching mode (ν3) of CO2. Figure 

3.4(d) shows the CO2 adsorption on NaY zeolite as a function of pressure in the blown up 
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spectral region between 2000 and 2600 cm
-1

. The ν3 peak is shifted from the gas-phase 

value of 2347 cm
-1

 as suggested by the calculations due to the interaction with the 

exchangeable cation.  This band increases in intensity as a function of C
16

O2 pressure. As 

the equilibrium pressure (Peq) of C
16

O2 increases, two smaller bands grow in on the low 

and high frequency side of the ν3 peak. These bands are most distinct at the highest CO2 

pressures. Comparison with previous reports of carbon dioxide adsorption in zeolite 

materials suggests that absorptions at 2405 cm
-1

 and 2288 cm
-1

 are due to the 

combination modes of the ν3 mode with the framework M---O stretching modes of the 

zeolite as observed for NaZSM.
107, 108

 

Figure 3.5 shows an expanded spectral region, from 1200 to 4000 cm
-1

 for C
16

O2 

adsorbed in all the three zeolites at a pressure of 20 Torr.  As seen in Figure 3.5, several 

more bands are present in the spectrum. A sharp peak is observed near 1382 cm
-1

 due to 

the symmetric stretch of CO2.  As already noted, in the gas-phase this peak is IR inactive.  

However, this peak becomes IR active when CO2 is adsorbed in the zeolite due to 

interaction with the exchangeable cation, and the symmetry is lowered upon interaction 

because of two unequal bond lengths of the C—O bond, as also indicated by theoretical 

calculation, giving rise to an IR active mode. Additional bands are observed in the 

spectrum and are assigned to other vibrational modes of adsorbed carbon dioxide, some 

of which are overtones and some are combination bands. One of them is a small peak 

observed around 1276 cm
-1

 for these zeolites, which is a combination band arising from 

Fermi resonance between the Raman-active ν1 symmetric vibration and the overtone of 

the bending mode ν2 (2ν2). As already discussed, due to the reduction in symmetry of 

carbon dioxide on interaction with the zeolite surface this mode becomes IR active as  
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Figure 3.4 (a) 

Figure 3.4:  (a) FTIR spectra of adsorbed C
16

O2 in dry commercial NaY zeolite as a 

function of pressure (P = 1.030, 5.200, 10.6, 14.2 and 20 Torr).; (b) FTIR spectra of 

adsorbed C
16

O2 in BaY zeolite as a function of pressure (P = 1.018, 5.012, 10.5, 14.2 and 

19.8 Torr).; (c) FTIR spectra for of adsorbed C
16

O2 as a f(P) on nano NaY. (Peq = 1.015, 

5.203, 10.6, 14.4 and 19.8 Torr); (d) FTIR spectra of adsorbed C
16

O2 in dry commercial 

NaY zeolite as a function of pressure. The spectral region showing the ν3 mode of 

adsorbed carbon dioxide region.  

 



 44 

 

Figure 3.4 (b) 

 

(Figure 3.4 continued) 
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Figure 3.4 (c) 

 

(Figure 3.4 continued) 
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Figure 3.4 (d) 

 

(Figure 3.4 continued) 
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well. The combination bands of ν3+ ν1 and ν3 + 2ν2 at 3713 and 3605 cm
-1 

are also present 

and have been reported earlier in the literature.
108

 These experimental frequencies are 

summarized in Table 3.3. 

In addition to C
16

O2 adsorption in NaY, Figure 3.5 shows C
16

O2 adsorption in 

BaY and nano NaY zeolites. Interestingly, the ν3 vibrational mode for the commercially 

available NaY as well as nanocrystalline NaY zeolite is observed at exactly the same 

wavenumber but for BaY it appears at a slightly different frequency.  As can be seen, the 

experimental ν3 frequency appears at 2351 cm
-1

, 2349 cm
-1

 and 2351 cm
-1

 for NaY, BaY 

and nano NaY, respectively. This relatively small shift in the ν3 mode for the BaY zeolite 

as compared to the NaY zeolites is in agreement with the calculations.   

Besides the intense ν3 vibrational band, a number of other vibrational bands are 

observed in the BaY and nano NaY spectra that are associated with C
16

O2 adsorbed 

inside the zeolite cage. These include the ν1 symmetric vibration and several combination 

and overtone vibrations.
107

 The vibrational frequencies for these modes are given in 

Table 3.3. Of particular interest are the differences observed in these spectra for the 

different zeolite materials. In comparing the 1200 to 1800 cm
-1

 spectral region for the 

NaY and nano NaY zeolites, there is evidence for additional bands observed in nano NaY 

spectra. Figure 3.6 shows the IR spectra collected upon adsorption of C
16

O2 in nano NaY 

zeolite as a function of pressure in the spectral region between 1200 and 4000 cm
-1

.  In 

particular, for nano NaY there are several broad features near 1640, 1461 and 1381 cm
-1

. 

As the carbon dioxide equilibrium pressure increases, one can with clarity distinguish 

these broad features. The FWHM (full width half maximum) for these peaks are greater 

than the other absorption bands in the spectrum by more than 20 cm
-1

. Although the peak 
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at 1381 cm
-1

 has some contribution to the symmetric stretching mode as already 

discussed, there is a broad band underlying the sharper feature. 

Based on earlier studies, these new absorption bands are proposed to be due to the 

formation of bicarbonate and carbonate species on extra framework aluminum (EFAL) 

sites 
47, 51

 known to be present on the external surface of nanocrystalline zeolites.  As has 

been shown previously, nanocrystalline zeolites not only possess high surface area but in 

fact have a high concentration of reactive surface sites because of the increased external 

surface area due to the smaller particle size. EFAL sites are the most notably active 

catalytic sites in nanocrystalline zeolites that cause these zeolites to demonstrate higher 

activity as compared to commercial zeolites with large particle size.  For example, it has 

been previously shown that molecules, e.g. NO2, can adsorb to these sites yielding 

surface complexes unique to nanocrystalline NaY zeolite.
52

 We propose here that these 

EFAL sites play a similar role in the adsorption of CO2 in the nanocrystalline NaY zeolite 

and result in the formation of carbonate and bicarbonate species.  

  Baltrusaitis et al.
101, 106

 have calculated the vibrational frequencies of bicarbonate 

and carbonate in binuclear aluminum oxide cluster complexes and have shown these to 

be in good agreement with the experimental IR frequencies measured for these same 

species adsorbed on aluminum oxide surfaces. The results of these calculations are 

summarized in Figure 3.3C. It is proposed that the absorption bands seen in the spectral 

region from 1200 to 1800 cm
-1

 are a result of carbon dioxide uptake on the EFAL sites, 

and the formation of carbonate and bicarbonate species on these sites can be explained as 

being similar to that observed on aluminum oxide surfaces.
 

Bicarbonate species 

formation can be explained by the reaction mechanism (Scheme 2) already proposed.
106
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Table 3.3: Summary of experimental vibrational frequencies
a
 for adsorbed C

16
O2 (and 

C
18

O2)
b
 and carbonate/bicarbonate in different zeolites materials under dry conditions as 

well as in presence of co-adsorbed water. 

 

Vibrational 
Modes 

Gas 
Phase108 

NaY   
 

NaY/H2O
c 

 
BaY   

  
BaY/H2O

c 
 

Nano 
NaY 

Nano 
NaY/H2O

 c 

CO2 linear complexes 

           

  ν1 

 

1388.3 

 

 

1382 

(1336) 

 

1382 

 

 

1379 

(1330) 

 

1382 

(1377) 

 

1381 

(1333) 

 

1381 

(1361) 
ν2 667.3 - - - - - 

 

- 

 ν3 

 

 

2347.3 

 

 

2351 

(2318)
 

 

2351 

 

 

2349 

(2318)
 

 

2349 

(2315)
 

 

2351 

(2319) 

 

2351 

(2316) 

 ν3+ν1 

 

 

- 

 

3713 

(3632)
 

 

3712 

 

 

3707 

(3626)
 

 

3710 

 

 

3713 

 

 

3714 

 

 ν3+2ν2 

 

- 

 

3605 

(3527)
 

 

3605 

 

 

3597 

(3520) 

 

3604 

 

 

3604 

 

 

3604 

 

   2ν2 

 

- 

 

1276 

(1227) 

1276 

 

1271 

(1222) 

1268 

 

1276 

 

- 

 

ν3+ν(Μ−Ο) 

 

- 

 

2405 

(2289) 

2403 

 

2401 

(2367) 

2400 

(2349) 

2405 

(2382) 

 

2402 

(2352) ν3−ν(Μ−Ο) 

 

- 

 

2288 

(2253)
 

 

2288 

 

 

2285 

(2253)
 

 

2285 

(2249)
 

 

2287 

(2253) 

 

2287 

(2252) 

 
Carbonate and Bicarbonate 

           ν1
 

 
 

- 

 

- 

 

- 

 

- 

 

1640 

(1631) 

 

1639 

 

 ν3(O-C-O)a
 

 
 

 

- 

 

 

- 

 

 

- 

 

1448 

(1439) 

 

1461 

(1368) 

 

1408 

 

 
ν3(O-C-O)s  

 

- 

 

 

- 

 

 

- 

 

1382
 
 

 (1377) 

- 

1381
 d

 

 

(1333) 

1381
 d

 

 
 

a 
Experimental frequencies in cm

-1
. 

 

b 
C

18
O2 (1 Torr) frequencies in parentheses. 

 
c
 In the presence of co-adsorbed water. 

 
d
 This absorption band is broad and underneath the sharper feature in the spectrum (see 

Figure and text for details). 
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Figure 3.5: FTIR spectra of adsorbed C
16

O2 on dry NaY, BaY and nano NaY zeolite at a 

CO2 pressure of 20 Torr and temperature of 296 K.  The asterisks in the BaY spectrum 

denote absorptions due to the stretching and bending modes of a small amount of 

adsorbed water. 

 

 

According to this mechanism, CO2 is pre-adsorbed on the surface of the zeolite and is 

followed by intermolecular proton transfer by the neighboring hydroxyl groups of the 

extra framework aluminum sites (EFAL), represented by M, resulting in bicarbonate 
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formation. Similar reactions are likely to occur on the EFAL sites on the nanocrystalline 

external surface.
101, 106

  

As isotope-labeling experiments can provide additional information about the 

adsorbed species, adsorption of 
18

O- labeled CO2 on all zeolites was also investigated.  It  

 

 

   

                                                                                                                                         (2) 

                                                                                                               

 

is important to note that the pressure of carbon dioxide used in these isotope studies is 1 

Torr for both C
16

O2 and C
18

O2.  An example of the spectra collected for the isotope data 

is shown in Figure 3.6. The spectra shown are for carbon dioxide adsorption in BaY 

zeolite with C
18

O2 and C
16

O2.  It is seen that there are some shifts in the peak positions to 

lower wavenumbers for C
18

O2, as expected. These shifts are consistent with the quantum 

chemical calculations for CO2 interaction with the cation, as shown in complex (3.2(a)) 

and (3.2(b)), as well as in the calculated frequencies.   
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Figure 3.6: FTIR spectra of adsorbed C
16

O2 (black) and adsorbed C
18

O2 (red) on BaY 

zeolite at a pressure of 1 Torr and temperature of 296 K.  

 

 

3.4.3 Transmission FTIR Spectroscopy of Carbon Dioxide 

Adsorbed in NaY, BaY and Nano NaY in the Presence of 

Co-Adsorbed Water 

 

CO2 adsorption was carried out on zeolite surfaces, as a function of increasing 

pressure of CO2 after pre-adsorbing water in the zeolite at 1% relative humidity.  
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Figure 3.7 (a) 

Figure 3.7: (a) FTIR spectra of adsorbed C
16

O2 in wet commercial NaY zeolite as a 

function of increasing pressure of CO2; (b) FTIR spectra of adsorbed C
16

O2 in wet BaY 

zeolite as a function of pressure; (c) FTIR spectra for of adsorbed C
16

O2 as a f(P) in wet 

nano NaY.  
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Figure 3.7 (b) 

(Figure 3.7 continued) 
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Figure 3.7 (c) 

 

 

(Figure 3.7 continued) 
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Figure 3.8: FTIR spectra of adsorbed C
16

O2 in the presence of co-adsorbed water in NaY, 

BaY and nano NaY zeolite at a CO2 pressure of 20 Torr and temperature of 296 K. 

 

 

Following the introduction of 1% RH at 296 K, the gas-phase water was pumped out 

leaving adsorbed water in the zeolite pores. Figure 3.7(a), 3.7(b), 3.7(c) shows the IR  
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spectra collected upon adsorption of C
16

O2 in wet surfaces of all the three zeolites. 

Evidence for adsorbed water is seen in all the spectra with an absorption band near 1640 

cm
-1

 and 3300 cm
-1

 due to the bending and stretching modes of adsorbed water. These 

spectra are discussed along with their comparison for CO2 adsorption below.  

Figure 3.8 shows the FTIR spectra collected upon adsorption of C
16

O2 and co-

adsorbed water on NaY, BaY and nano NaY zeolite.  In all the three zeolites, peaks due 

to molecularly adsorbed CO2 were observed similar to what is observed for CO2 

adsorption in the dry zeolite.  The frequencies of these absorption bands are given in 

Table 3.3. However, there is an overall decrease in the integrated absorbance of these 

bands for experiments with co-adsorbed water suggesting that adsorption of water blocks 

the zeolite pores.  For example, at similar pressures, in the presence of water there is ca. 

20% decrease in the integrated area of the ν3 band of adsorbed carbon dioxide.  This 

decrease in integrated area suggests that co-adsorbed water inhibits carbon dioxide 

adsorption and blocks sites for adsorption.   

As noted previously, we are interested in the differences in carbon dioxide 

adsorption in the different zeolite materials.  For these experiments, in the presence of co-

adsorbed water, BaY shows new absorption bands in the region below 1500 cm
-1

.  

Besides the absorption band at 1642 cm
-1

 due to adsorbed water, several other broad 

bands also become present.   A broad band at around 1448 cm
-1

, with a FWHM (full  

width half maximum) of around 45 cm
-1

 appears upon adsorption of CO2 in the presence 

of co-adsorbed water, the band at 1379 cm
-1

 is also quite broad.  We suggest that these 

absorptions, some of which might be hidden under the intense bending mode of adsorbed 

water, are due to the presence of bicarbonate. Water most likely activates BaY zeolite for  



 58 

 

Figure 3.9: FTIR spectra of adsorbed C
16

O2 (black) and adsorbed C
18

O2 (red) in the 

presence of co-adsorbed water on BaY zeolite at a pressure of 1 Torr and temperature of 

296 K. 

 

 

 

the formation of bicarbonate species. The reason for this difference lies in the 

exchangeable ion, where the polarizability of Ba
2+ 

(in BaY zeolite) is greater than that of  
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Na
+
 cation (in NaY zeolite). Figure 3.9 shows the spectra of both C

16
O2 and C

18
O2 on 

BaY zeolite in the presence of co-adsorbed water. The C
18

O2 and C
16

O2 pressure is 1 Torr 

in both the cases.  Upon absorption of 
18

O-labeled carbon dioxide on wet zeolites 

surfaces, a red shift is observed in all peaks with the exception of the peaks from 

adsorbed water, further providing evidence that carbonate is formed in BaY in the 

presence of co-adsorbed water.     

 

3.5 Conclusions  

The adsorption of CO2 was carried out on zeolite Y materials (NaY, BaY and 

nano NaY) both under dry conditions as well as in presence of co-adsorbed water. 

Quantum chemical calculations were also performed. Both the theoretical calculations 

and experimental data provide complementary information and lead to a better 

understanding of adsorbed CO2 in these zeolite materials. Although CO2 adsorbs 

molecularly, as in a linear bonded complex, in all three zeolites, differences are observed 

between the various zeolite materials with the formation of carbonates and bicarbonates 

depending upon the experimental conditions, dry versus wet, the exchangeable cation 

and, very interestingly, the zeolite particle size. This carbonate/bicarbonate species 

formation on the external surface sites of nano NaY zeolite upon CO2 adsorption, 

suggests that nanocrystalline zeolite adsorption sites are efficient in the conversion of 

carbon dioxide. These studies show that zeolites can store carbon dioxide in the internal 

pores. Also, we have seen the bicarbonate formation in BaY zeolite when adsorbed water 

was also present, which suggests that water activates BaY active sites for the formation 

of bicarbonate species. Further studies should investigate how zeolites may be used to 
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convert carbon dioxide to more useful products such as methanol.  Because of the high 

external surface area and active sites present on the external surface, nanocrystalline 

zeolites, in particular, may be useful zeolite materials in CO2 recycling and conversion 

processes.   
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CHAPTER IV 

FTIR SPECTROSCOPY COMBINED WITH ISOTOPE LABELING TO 

INVESTIGATE ADSORBED BICARBONATE AND CARBONATE 

FORMATION FOLLOWING REACTION OF CARBON DIOXIDE WITH 

ALUMINUM BASED OXIDE SURFACES 

 

4.1 Abstract  

In this study, FTIR spectroscopy along with isotope-labeling experiments is used 

to investigate carbon dioxide adsorption on aluminum based surfaces. In particular, CO2 

adsorption on mixed phase nanoparticulate rod shaped alumina whiskers (boehmite and 

bayerite) is compared with spherical 10 nm alumina (gamma Al2O3) at 296 K. The 

reaction of carbon dioxide with these oxide based surfaces result in the formation of both 

adsorbed bicarbonate and carbonate species. In the case of alumina whiskers, there was 

an extensive carbonate formation whereas for 10 nm alumina mainly bicarbonate product 

formation is observed. This can be explained on the basis of coordination geometry of 

these surfaces. This difference in the aluminum coordination (octahedral vs. tetrahedral) 

in both the nanomaterials is highlighted as these sites play a significant role in their 

reactivity and product formation.  

 

4.2 Introduction 

As discussed earlier, carbon dioxide is the fourth most abundant gas in the 

atmosphere, uniformly distributed over the Earth’s surface with a concentration of about 

385 ppm.
6
 CO2 plays an important role in global warming; therefore, carbon dioxide 
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storage and conversion are topics of great importance to the scientific community and the 

public. Recent studies indicate that nanomaterials have the potential to adsorb and 

convert CO2 into more useful products. In addition, studying such (metal oxide-CO2) 

systems can give us an insight into the atmospheric chemistry at such interfaces. 

Therefore, the surface reactions of carbon dioxide are of significance for many reasons; 

both for sequestering and environmental perspective. 

Aluminum oxides and hydroxides are important environmental interfaces.
 7, 54, 55, 

109 
Therefore, the reaction chemistry that occurs at the oxide interface needs to be 

understood. Bauxite is an important source of aluminum; aluminum not only exists as 

simple oxides but also as hydrates of alumina. As discussed previously, natural Al2O3 

exists in many phases namely alpha, chi, kappa, gamma, delta, theta and eta. Similarly 

gibbsite, boehmite, diaspore, nordstrandite and bayerite are the principal hydrates of 

alumina.
59-61

 The surface structure of these oxides and hydroxide nanomaterials is related 

to bulk crystal structure and thus it is determined by the arrangement of the Al
3+

 ions in 

the oxygen lattice. This also means that the type and number of hydroxyl groups which 

are preferentially exposed as surface sites depends on the crystal planes and structure.
110

 

In the case of bayerite and boehmite (γ -AlO2H and Al(OH)3) Al
3+

 ions occupy  most of 

the octahedral holes in the ccp O
2-

 array and thus possess the octahedral coordination 

mainly. Whereas, in the structure of aluminum oxide (γ - Al2O3), Al
3+

 ions occupy both 

octahedral and tetrahedral holes of the ccp O
2-

 array.
111-114

  

Alumina is an amphoteric oxide and it not only possesses acidic sites but also 

basic sites. CO2 adsorption on basic sites usually forms carbonate species, and CO2 

adsorption on comparatively acidic sites forms bicarbonate pecies.
61, 64, 115-118

 Literature 



 63 

studies of CO2 adsorption on metal oxide surfaces under dry condition, on metal oxides 

surfaces, result in the formation of adsorbed carbonates, bicarbonates, and formates as 

well as bent CO2 species.
61-66, 115, 116, 119

 Recently, Baltrusaitis et al. performed quantum 

chemical calculations along with FTIR isotope-labeling experiments to provide 

information about the overall adsorption mechanism of CO2 on the metal oxide surface 

and the molecular structure of the adsorbed products, which resulted in the formation of 

bicarbonate species.
106

 Under dry conditions, the adsorption of CO2 on aluminum oxide 

surfaces has been well studied whereas the adsorption of CO2 at the different aluminum 

based interfaces has not been studied in details.  

In this study, adsorption of CO2 was investigated on aluminum based 

nanomaterials under dry conditions. FTIR spectroscopy was used to probe adsorbed CO2. 

In particular, we present in this study: FTIR experimental data for CO2 adsorption in two 

different unique high external surface area nanoscale aluminum surface materials, namely 

alumina whiskers and 10 nm alumina, including isotope data to support vibrational mode 

assignments. Differences are observed between the different materials investigated, with 

the formation of carbonates and bicarbonates depending upon the coordination geometry 

of aluminum. The Lewis acid Al
3+

 sites play an important role in the preferential product 

determination.  As a step towards better understanding the surface chemistry of these 

hydroxylated metal oxide surfaces under ambient conditions, we have investigated the 

adsorption of carbon dioxide on these nanomaterials. 
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Figure 4.1: TEM images of aluminum based materials used in the study. (a) alumina 

whiskers and (b) 10 nm alumina. 
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Figure 4.2:  XRD pattern of alumina whiskers nanoparticles.
120

 

 

 

4.3 Experimental Methods 

4.3.1 Aluminum Based Materials 

Two different alumina based materials were used in this study 4 x 2800 nm 

alumina whiskers and 10 nm alumina. Figure 4.1(a) and 4.1(b) show the transmission 

electron micrographs of the two samples. The differences between these samples lie in 

the size of the different nanomaterials and consequently surface area and morphology. 10 
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nm alumina is spherical in shape whereas the alumina whiskers are whisker or rod 

shaped. The external surface area for the two nanomaterials has been determined to be ca. 

320 m
2
 g

-1
 and 195 m

2
 g

-1
, respectively. The XRD pattern, determined with a Bruker D-

5000 q - q diffractometer, confirms that alumina whiskers (Figure 4.2 a) are a hydroxide 

of aluminum and are composed of bayerite and boehmite phases (as shown in Figure 4.2 

b,4.2 c), whereas the 10 nm alumina is an oxide of aluminum and consists of the gamma 

phase of Al2O3. Table 4.1 summarizes the size, surface area and phase information of the 

two nanomaterials used in this study. 

 

Table 4.1:  Summary of physical properties of alumina whiskers and 10 nm alumina. 

 
Size (nm) Surface Area 

(m2 /g) 
Phase 

Alumina Whiskers 4x2800 320 ± 4 Bayerite [β-Al(OH) 3]  

+Boehmite [γ -AlO2H] 

10 nm Alumina 10 195 ± 3 γ Alumina 

 

 

4.3.2 Transmission FTIR Spectroscopy 

In situ transmission FTIR spectroscopy was employed to investigate the 

adsorption of CO2 on these aluminum (alumina whiskers and 10 nm alumina) based 

materials. The infrared sample cell used here has been described previously.
52

 

Approximately 18 mg of the sample was mixed with a few drops of water resulting in the 

formation of a hydrosol.  The hydrosol was then coated onto half of the tungsten grid and 

allowed to dry. The sample holder was then placed inside the stainless steel cube that sits 

on a linear translator inside the FTIR sample compartment. The linear translator allows 

each half of the sample grid to be translated into the infrared beam and permits the 
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detection of gas-phase and adsorbed species under identical reaction conditions. The 

samples were heated overnight under vacuum at 373 - 423 K temperature to remove 

adsorbed water. The next day, after the system has cooled, CO2 was directly introduced 

into the reaction cell through the gas handling system. In these experiments, both the 

nanomaterials were exposed to carbon dioxide for around 30 minutes prior to a spectrum 

being recorded. It was followed by evacuation of system for 30 minutes. After this an 

increase pressure of CO2 was introduced into the system. These steps were carried out 

repeatedly. Carbon dioxide was then adsorbed at different pressures at a temperature of 

298 K. The exact pressures are given in the figure captions. Each spectrum was obtained 

by averaging 256 scans at an instrument resolution of 4 cm
-1

.  

 

4.4 Results and Discussion 

4.4.1 Transmission FTIR Spectroscopy of Carbon Dioxide 

Adsorbed on Alumina Whiskers Under Dry Conditions 

 

The adsorption of CO2 on the alumina whiskers surface was carried out at 

pressures ranging from 0.274 Torr (equal to ambient pressure of CO2) to 20 Torr of CO2 

as shown in Figure 4.3 below. On introduction of CO2 we observe the appearance of a 

broad feature in the spectra region from 1000 to 1800 cm
-1

. These peaks are low in 

intensity at lower CO2 pressures and grow in intensity with increasing pressures. These 

peaks have been assigned to carbonate and bicarbonate formation. Different types of 

carbonate formation can occur on metal oxide surfaces.
63, 121

 On this surface, we observe 

the formation of monodentate, bidentate and bridged carbonate formation. The peak for 

physically or linearly adsorbed CO2 is low in intensity and is observed at 2342 cm
-1

. The 

individual peaks are discussed in detail below and are also summarized in Table 4.2.  
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Figure 4.3:  FTIR spectra of adsorbed C16O2 on dry commercial alumina whiskers as a 

function of CO2 pressure. (P = 0.274, 0.989, 4.774, 11.4, 14.7, 20.6 Torr) 

 

 

4.4.2.Transmission FTIR Spectroscopy of Carbon Dioxide 

Adsorbed on 10 nm Alumina Under Dry Conditions 

  

Likewise, adsorption of CO2 on the 10 nm alumina surface was studied at similar 

pressures as for alumina whiskers, shown in Figure 4.4. We see in this case the 

appearance of a broad band (though low in intensity) in the 1000 to 1800 cm
-1

 region. 

These bands grow in intensity with increasing CO2 pressures. Similarly, these peaks are  
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Figure 4.4:  FTIR spectra for of adsorbed C16O2 as a function of P (CO2) on 10 nm 

alumina. The carbon dioxide pressures were 0.280, 1.002, 4.799, 11.7, 14.8, 19.5 Torr, 

respectively.  

 

 

also assigned to carbonate (monodentate, bidentate and bridged), bicarbonate and linearly 

adsorbed CO2 formation (2345 cm
-1

). The vibrational frequencies are summed up in 

Table 4.2. 
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4.4.3 Transmission FTIR Spectroscopy of Carbon Dioxide 

Adsorbed on Alumina Whiskers Versus 10 nm Alumina 

Under Dry Conditions 

   

 In this section, the adsorption of C
16

O2 on nanoparticulate alumina whiskers and 

10 nm alumina is compared at 1 Torr. Figure 4.5 shows the comparison of adsorption of 

CO2 on the two aluminum based surfaces at a pressure of 1 Torr. The spectrum for 

alumina whiskers shows the presence of sharp peaks at 1650, 1430 and 1225 cm
-1

 which 

are assigned to the ν(OCO)a, ν(OCO)s and δ(COH) vibrational modes of adsorbed 

bicarbonate, respectively. Similarly, for 10 nm alumina, in Figure 4.5 we see the presence 

of these bicarbonate bands at 1642, 1443, and 1226 cm
-1

, respectively. It is important to 

note other vibrational bands such as δ(OCO), ν(OC-(OH)), δ(CO2)o.p.p. and ν(H torsion) 

also associated for a bicarbonate species formation are situated below 850 cm
-1

. 
101, 106

 

Instrumental limitations as well as the aluminum oxide lattice absorptions below 850 cm
-1

 

prevents these modes to be observed.
101, 106

 For both the alumina whiskers and 10 nm 

alumina the ν(OH) is not observed.  The vibrational frequencies of these peaks observed 

in the spectra are labeled and assigned in Table 4.2. 

Bicarbonate species formation can be explained by the reaction mechanism 

previously proposed.
106

 According to this mechanism, CO2 is pre-adsorbed on the surface 

of the metal-oxide and is followed by intermolecular proton transfer by the neighboring 

hydroxyl groups of aluminum sites, resulting in bicarbonate formation. The reaction of 

carbon dioxide with surface hydroxyl groups has been shown to result in the formation of 

bicarbonate species.   

For alumina whiskers and 10 nm alumina, in addition to the bicarbonate bands, 

carbonate bands are also present in the spectra as shown in Figure 4.5. In the case of  
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Figure 4.5: IR spectra of adsorbed CO2 on alumina whiskers (lower spectrum), and 10 nm 

alumina (upper spectrum) at a CO2 pressure of 1 Torr. 
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alumina whiskers, the underlying peaks present in the spectra at 1384, 1508 and 1132 cm
-

1
 are associated with monodentate form of carbonate, for the ν(O-C-O)a, ν(O-C-O)s and 

ν (C-O)s modes respectively.  Other peaks observed at 1297 and 1617 cm
-1

 are assigned 

to the bidentate carbonate formation. Whereas the other peaks at 1700, 1179 and 1033 

 

 

 

Figure 4.6:  Absorbance spectra of adsorbed C
16

O2 (blue) and adsorbed C
18

O2 (red) on  

alumina whiskers at a pressure of 1 Torr and a temperature of 296 K. 
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cm
-1

 are assigned to the ν(O-C-O)a , ν(O-C-O)s , ν(C-O)s modes of the bridged carbonate 

formation. For 10 nm Al2O3, we observe some underlying peaks in the spectrum, which 

are also assigned to various carbonate species formation. The peaks at 1400, 1492 and 

1078 cm
-1

 are specifically the ν(O-C-O)s, ν(O-C-O)a and ν(C-O)s stretching modes 

respectively. These absorptions peaks are assigned to the adsorbed monodentate 

carbonate formation. Other low intensity shoulder peaks due to bidentate carbonate 

species are observed at 1576 and at 1154 cm
-1

 for 10 nm alumina. Bridged carbonate 

vibrational bands are also underlying and are seen at 1689 and 1270 cm
-1

. These bands 

are suggested to arise from the ν3 asymmetric (O-C-O), ν3 symmetric (O-C-O) stretch for 

the bridged structure of carbonate.   

 In Figure 4.5, on comparing the intensities of CO2 adsorption on both the alumina 

surfaces, we see that alumina whiskers have more product formation.  It is expected from 

the surface area measurements (i.e. higher the surface area leads to more adsorption sites 

and thus more product formation (carbonates and bicarbonates)), therefore this trend in 

absorbance or product formation is observed: i.e. alumina whiskers absorb more CO2 

than 10 nm alumina. We saw an extensive carbonate product formation on alumina 

whiskers whereas extensive bicarbonate formation is observed on 10 nm alumina. The 

carbonate-bicarbonate ratio for alumina whiskers (3.6) is greater than 10 nm alumina 

(1.5). The difference in the product formation in these nanomaterials can be explained in 

terms of the coordination geometry of aluminum sites. In alumina whiskers, the 

aluminum Al
3+

 sites have an octahedral coordination which favors carbonate formation 

by exposing the basic surface O
2-

 ions for the carbonate formation.
66, 106, 112, 129-131

 On the  
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Table 4.2: Summary of experimental vibrational frequencies
 

for adsorbed 

carbonate/bicarbonate formation in different aluminum based nanomaterials under dry 

conditions at C
16

O2 (and C
18

O2)
 a
 pressure of 1 Torr. 

 

Adsorbed 
Species 

Vibrational 
Mode 

Alumina 
Whiskers (cm-1) 

10 nm 
Alumina  

(cm-1) 

Literature 
References 

(cm-1)b  
CO2 Linear Complex    

 ν3 2342 2345 2300-2400 

Bicarbonate     

 ν2(O-C-O)a 1650 (1635) 1642 (1633) 1615-1671 

 ν3(O-C-O)s 1430 (1412) 1443 (1421) 1396-1500 

 δ4(COH) 1225 (1215) 1226 (1217) 1220-1269 

Carbonate     

 Monodentate    

 ν1(C-O)s 1132 (1101) 1078(1064) 1012-1074 

 

 ν3(O-C-O)s 1384 (1333) 1400(1392) 1360-1395 

 

 ν3(O-C-O)a 1508 1492 (1466) 1410-1590 

 Bidentate    

 ν1(C-O)s 1033 (1008) - 1015 

 

 ν3(O-C-O)s 1297 (1275) 1154 (1132) 1143-1355 

 ν3(O-C-O)a 1617 (1609) 1576 (1562) 1535-1670 

 

 Bridged    

 ν1(C-O)s 1033 (1008) - 1030 

 ν3(O-C-O)s 1179 (1158) 1270(1255) 1228-1198 

 

 ν3(O-C-O)a 1700 (1652) 1689 (1655) 1650-1711 

 

a  
C

18
O2 frequencies in parentheses. 

 

b
 Literature references 

34, 37, 122-128 
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other hand, the 10 nm alumina forms mainly bicarbonate species as it has minimal 

aluminum in octahedral coordination. 

Figure 4.6 shows the spectrum resulting from adsorption of C
18

O2 versus C
16

O2 

on alumina whiskers. As expected, we see a red shift in all the peaks due to carbonate 

(monodentate, bidentate, bridged) as well as due to bicarbonate formation. 18 labeled O,  

CO2 was adsorbed on both the surfaces at 1 Torr, and the corresponding vibrational 

frequencies are summed up in Table 4.2 in parenthesis.   

 

4.5 Conclusions  

The adsorption of CO2 was carried out on aluminum based materials (gamma 

alumina and alumina whiskers) under dry condition. CO2 adsorbs on these nanomaterials 

with the formation of carbonates and bicarbonates depending upon the surface area and 

the coordination geometry of the nanomaterials. Under dry conditions, both the 

aluminum based surfaces react with carbon dioxide to form linearly adsorbed CO2, 

bicarbonate and carbonate species. Nanocrystalline alumina whiskers have higher activity 

for CO2 conversion compared to 10 nm alumina. This difference can be attributed mainly 

to an increased surface area. There are also some differences in surface 

carbonate/bicarbonate speciation observed between the two nanomaterials. The surface 

Al
3+

 coordination plays a key role in the surface chemistry of metal oxide surfaces and 

determines product formation; Al
3+

 coordination in octahedral coordination preferentially 

exposes basic O
2- 

ions towards the surface for carbonate product formation. The 10 nm 

alumina resulted in formation of mainly bicarbonate whereas the alumina whiskers 
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formed mainly carbonate species. All the peak assignments and other conclusions were 

supported with isotope experiments. 
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CHAPTER V 

FTIR SPECTROSCOPY COMBINED WITH ISOTOPE LABELING AND 

QUANTUM CHEMICAL CALCULATIONS TO INVESTIGATE REACTIONS 

OF CARBON DIOXIDE ON ZINC OXIDE SURFACE 

 

 

5.1 Abstract 

In this study, CO2 adsorption in the presence and absence of co-adsorbed H2O 

was investigated on a zinc oxide surface. Under dry conditions, CO2 reacts with ZnO 

surface O-H groups to form bent CO2, adsorbed bicarbonate, carbonate and carboxylate 

species. The stability of adsorbed species was examined with evacuation experiments. 

Carbonate and carboxylate species were found to be more stable than bicarbonate and 

bent CO2, which desorbs instantly on evacuation.  In the presence of co-adsorbed water, 

adsorbed CO2 and H2O reacts to yield surface adsorbed carbonate species through a 

bicarbonate/carbonic acid intermediate mechanism earlier proposed by Baltrusaitis et al. 

Mixed isotope studies conducted demonstrate an extensive isotope exchange between 

oxygen in adsorbed carbon dioxide and oxygen in adsorbed water. Time course plots of 

the isotope mixing observed as a function of time suggests that the exchange is 

continuous over a time scale of hours. Adsorption of 
18

O-labeled carbon dioxide and 

theoretical quantum chemical calculations confirm these assignments and conclusions.  

 

5.2 Introduction  

Carbon dioxide (CO2) is the fourth most abundant gas in the atmosphere 

uniformly distributed over the Earth’s surface with a concentration of about 385 ppm.
6
 As 
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CO2 plays an important role in global warming, carbon dioxide storage and conversion 

are topics of great importance to the scientific community and the public. Recent studies 

indicate that nanomaterials have the potential to adsorb and convert CO2 into more useful 

products.  

It is also well known that oxides and carbonates are important environmental 

interfaces.
54-56, 109

 Zinc is an important naturally occurring mineral on Earth and exists in 

the form of wurtzite (zinc sulfide), smithsonite (zinc carbonate), zincite (ZnO) and other 

important minerals.
69 

The applications of zinc oxide are numerous, and, as a result, it is 

constantly added into the atmosphere. Zinc oxide has many important properties such as a 

high refractive index, antibacterial properties, good thermal conductivity and others. 

Therefore, it is used in the manufacturing of important industrial products such as 

cement, plastics, glass, rubber, lubricants, paints, ointments, ceramics, pigments, fire 

retardants etc.
46,54,92,132-144 The surface chemistry of a metal oxide under ambient 

conditions plays a critical role in environmental as well as biological systems. Enzyme 

carbonic anhydrases (active component Zn) is an enzyme in the body that catalyzes the 

rapid hydration of carbon dioxide to bicarbonate.
145-149 

Previous studies of CO2 adsorption 

on ZnO under dry condition, resulted in the formation of adsorbed carbonates, 

bicarbonates, carboxylates, formates and bent CO2 species. Recent studies of CO2 

adsorption on a ZnO surface has shown that an “unusual tridentate carbonate” species is 

formed with the two O atoms of the CO2 molecule being almost equivalently bound to 

two different Zn surface atoms.
70

 Although there have been numerous of IR 

spectroscopic studies of CO2 adsorption on zinc oxide surfaces, in this paper we present 

FTIR experimental data for a systematic study of CO2 adsorption on a nanomaterial ZnO 
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surface under dry as well as wet conditions, including isotope data to support vibrational 

mode assignments. To provide insights into the molecular structure of the carbonate, 

bicarbonate and carboxylate product formation as a result of reaction of CO2 with the 

metal oxide surface, quantum chemical calculations were done.  Differences are observed 

under different conditions investigated, with the formation of carbonates, bicarbonates 

and carboxylates depending upon the experimental conditions. Under wet conditions, 

water plays a significant role in the overall surface chemistry of CO2. Adsorbed water 

blocks some of the reactive sites on the surface of ZnO and influences the reaction 

chemistry and product formation from bicarbonate, carbonate and carboxylate to 

carbonate formation only.  

 

5.3 Experimental and Theoretical Methods 

5.3.1 Transmission FTIR Spectroscopy 

 In situ transmission FTIR spectroscopy was employed to investigate the 

adsorption of CO2 on the nanoparticulate zinc oxide surface.  The infrared sample cell 

and the set up used has been described previously.
51

 FTIR spectra were recorded using a 

single beam Mattson Infinity Gold FTIR spectrometer with a liquid nitrogen-cooled 

narrow band mercury–cadmium–telluride (MCT) detector. Firstly, the zinc oxide sample 

was calcined in a furnace at ~ 473 K to get rid of carbonate impurities. After calcination, 

approximately 15-20 mg of zinc oxide sample was mixed with a few drops of water 

resulting in the formation of a hydrosol, which was then coated onto half of the tungsten 

grid and allowed to dry. The sample holder was then placed inside the stainless steel cube 

that sits on a linear translator inside the FTIR sample compartment. The samples were 
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heated overnight under vacuum at ~ 473 K temperature to remove adsorbed water. CO2 

and H2O were directly introduced into the reaction cell through the gas handling system. 

Two absolute pressure transducers were used to monitor the pressures. In the dry 

experiments, i.e. in the absence of co-adsorbed water, the zinc oxide was exposed for 

around 30 minutes to carbon dioxide prior to a spectrum being recorded. Carbon dioxide 

was then adsorbed at different pressures corresponding to the pressures ranging from 

0.274 to 20 Torr. In the wet experiments carbon dioxide and water were also co-adsorbed 

onto the zinc oxide. Water vapor H2O (40% RH) and CO2 (0.274 Torr) were first 

introduced into the premix chamber cell and then allowed to equilibrate in the reaction 

cell for 30 minutes. All of these experiments were carried out at room temperature (296 

K). The exact pressures are given in the figure captions. Each spectrum was obtained by 

averaging 256 scans at an instrument resolution of 4 cm
-1

.  

 
5.3.2 Sources of Oxide, Water and Carbon Dioxide  

Commercially available ZnO nanopowder was used in these experiments with a 

specific surface area of 15 ± 1 m
2
g

-1
 and was purchased from Melorium Technologies. 

The surface area was measured using a Quantachrome Nova 4000e Multipoint BET 

apparatus. The X-ray diffraction pattern obtained using a Bruker D-5000 q-q 

diffractometer with a Cu Kα source suggests a hexagonal wurtzite structure for the ZnO 

nanopowder. The JEOL TEM-1230 Transmission Electron Microscope was used to 

obtain acquire images of the nanoparticulate materials. Figure 5.1 shows a transmission 

electron micrograph of the ZnO nanomaterial, which shows the particles to be spherical 
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with a particle size distribution of approximately 25±1 nm in diameter based on the 

image. The particle size distribution is shown in Figure 5.2. 

 

 

 

 

 

 

 

Figure 5.1: Transmission electron micrograph of ZnO used in this study.  

 

 

Depending upon the isotope required water vapor was taken from the headspace 

of the different glass bulbs. Distilled H2O was purchased from Fisher Scientific Inc.and 

was degassed prior to use. 
18

O labeled water, purchased from ISOTEC (minimum 95 

atom % 18O) and was used as received. Research grade carbon dioxide was used, and 

C
18

O2, was purchased from ISOTEC (minimum 97 atom % 18O). CO2 gases, both 
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labeled and unlabeled, were used directly from the gas cylinders without any 

pretreatment. 

 

 

 

Figure 5.2: Size distribution of ZnO nanoparticles. 
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     (a)                                                                                             (b) 

 

 

 

                       
 

 

                                                                   (c)        

 

 

Figure 5.3: Energy minimized structures for (a) bent CO2; (b) bicarbonate; (c) 

monodentate carbonate; (d) bidentate carbonate; and (e) carboxylate formed on the ZnO 

surface.  
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(Figure 5.3 continued) 
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5.3.3 Quantum Chemical Calculation of Carbon Dioxide,  

Bicarbonate, Carbonate and Carboxylate Complexes 

All molecules and clusters were optimized within the Density Functional Theory 

approximation
82-84

 using spin restricted calculations with B3LYP functional as 

implemented in Turbomole and TZVP basis set
85,86

 with multipole accelerated resolution 

of identity approximation
87

 (MARIJ-B3LYP/TZVP). No symmetry constraints were 

imposed during the geometry optimization.  Vibrational frequencies were calculated after 

the optimization at the same level of theory to confirm that the optimized geometry was a 

minimum in the potential energy surface. No negative vibrational frequencies were 

observed for minimum structures. Geometry optimization and frequency calculations 

were performed using Turbomole 6.1 package running on a Linux workstation.
88

 All 

structures were visualized using commercially available Chemcraft software.
150

 All 

energy minimized structures for (a) bent CO2, (b) bicarbonate, (c) monodentate 

carbonate, (d) bidentate carbonate and (e) carboxylate formed on the ZnO surface are 

shown in Figure 5.3.  

 

5.4 Results and Discussion 

5.4.1 Transmission FTIR Spectroscopy and Quantum 

Calculations of Carbon Dioxide Adsorbed on ZnO  

Under Dry Conditions 

 

  FTIR spectra of zinc oxide surface exposed to CO2 as a function of increasing 

pressure from 0.274 Torr to 20 Torrs, was taken. The adsorption of CO2 on ZnO surface 

results in the formation of complex absorption region between the 2000 and 1000 cm
-1

 

region and the bands in this region grow in intensity as the carbon dioxide pressure 

increases. Figure 5.4 shows the adsorption of CO2 on the ZnO surface as a function of 
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increasing CO2 pressure. Three intense peaks in the spectra are seen at 1225, 1422, and 

1630 cm
-1

 which are distinctive of the bicarbonate species formation. 

 

 

 

Figure 5.4: Transmission FT-IR spectra of CO2 adsorbed on dry commercial ZnO as a 

function of pressure in the spectral range extending from 2000 to 1000 cm-1  (P = 0.274, 

0.989, 4.774, 11.4, 14.7 and 20.6 Torr).  

 

 

These peaks at 1225, 1422, and 1630 cm
-1

 are assigned to the δ4(COH), ν3(O-C-O)s, and 

ν2(O-C-O)a vibrational modes respectively.
106, 151-156

 The ν1(OH) supposed to be 
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observed in the 3600-3000 cm
-1

 but in this case is obscured due to noise in the higher 

wavenumber region and is not shown in this figure. The mechanism of the bicarbonate  

 

 

 

Figure 5.5: Transmission FT-IR spectra of evacuation of CO2 adsorbed on ZnO in the 

spectral range extending from 2000 to1000 cm-1. The losses in the spectra are due to the 

desorption of bicarbonate species are shown. 

 

 

 formation is suggested to occur with an initial nucleophilic attack of CO2 on the metal 

oxide surface followed by an intermolecular proton transfer that results in the formation 



 88 

of bicarbonate structure.
106 The energy minimized structure for bicarbonate formation is 

shown in Figure 5.3(b), and the corresponding calculated frequencies (at 1 Torr CO2 

pressure) are summarized along with the experimental frequencies in Table 5.1 to further 

support our vibration assignments. It is important to mention here that there is small shift 

in wavenumbers for some of the peaks at different CO2 pressures. 

 In addition to the bicarbonate peaks, a number of other peaks are observed in the 

spectra. The other peaks that appear at 1475 and 1377 cm
-1

, are due to O-C-O stretching 

vibrations of the monodentate carbonates species.
151, 153, 157-160

 Similarly, the adsorption at 

1606 and 1334 cm
-1

 are assigned to OCO stretching, both symmetric and asymmetric 

stretching, of bidentate carbonate species.
151-153, 156, 157, 160 

Low intensity peaks observed at 

1030 and 994 cm
-1

 correspond to the CO stretching modes of adsorbed monodentate and 

bidentate carbonates, respectively. Figure 5.3 (c) and (d) shows the optimized structures 

for possible monodentate and bidentate carbonate adsorbed products. The bidentate 

carbonate formed has a bridging structure wherein the oxygen atoms of the carbonate are 

shared between two different surface Zn atoms.  The vibrational frequency calculations 

for carbonate/bicarbonate adsorbed on the surface show three bands, where the ν3 mode 

is degenerate and is split into ν3(O–C–O)a and ν3(O–C–O)s bands. Table 5.1 also gives 

the calculated ν1 and ν3 vibrational frequencies for the different type of carbonate species 

formed.  

If a bridged carboxylate structure, as in Figure 5.3(e), is formed analogous ν3(O– 

C–O)a and ν3(O–C–O)s bands are expected to be observed in the experimental infrared 
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Table 5.1 Summary of experimental and calculated vibrational frequencies for adsorbed 

C
16

O2 (and C
18

O2) at 1 Torr on the ZnO surface under dry conditions. 

 

Adsorbed 
Species 

Vibrational 
Mode 

ZnO  
Frequency(cm-1) 

C16O2 (C
18O2) 

Calculated 
 Frequency 

(cm-1) 

Literature 
 Frequency  

(cm-1) a 

          Bent CO2      

 ν1 - 1369 - 

 ν3 2350  

(2305) 

2423 

 

2364-2353 

Bicarbonate     

 ν1(OH) - 3793 3620-3605 

 
 ν2(O-C-O)a 1630  

(1620) 

1747 1650-1610 

 ν3(O-C-O)s 1422  

(1400) 

1369 1435-1424 

 δ4(COH) 1225 

 (1211) 

1228 1230- 1228 

Carbonate     

 Monodentate    

 ν1(C-O)s 
1030 989 1040 

 
ν3(O-C-O)s 

1375  

(1355) 

1393 1404-1370 

 
ν3(O-C-O)a 

1475  

(1452) 

1580 1480-1425 

 Bidentate    

 
ν1(C-O)s 

994  

(976) 
1017 

1030- 999 

 

  
ν3(O-C-O)s 

1334  

(1319) 
1314 1364-1303 

 ν3(O-C-O)a 
1608  

(1577) 
1573 1665-1512 

Carboxylate     

 ν1(C-O)s 
- 1050 1030 

 ν3(O-C-O)s 
1288  

(1275) 

1310 1382-1300 

 
ν3(O-C-O)a 

1522  

(1500) 

1621 1580-1508 

 

a
 Range taken from references. 

151-154, 156-161
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data. In the spectra, the stretches at 1522 and 1290 cm
-1 

observed can be assigned to the 

ν3(O-C-O)a and ν3(O-C-O)s  modes due to the formation of carboxylate species based on 

literature.
151-153, 156, 160, 161

 

CO2 adsorption not only leads to the formation of chemisorbed products but also 

physisorbed bent CO2, as suggested by the peak at 2350 cm
-1

. The presence of this bent 

CO2 structure is further confirmed with the help of quantum calculations, as shown in 

Figure 5.3(a). The intensity of this weakly bound bent CO2 species increases as a function 

of increasing CO2 pressures. This peak at 2350 cm
-1 

is assigned to the asymmetric 

stretching mode (ν3) of CO2. Another peak must be observed near 1382 cm−1 due to the 

symmetric stretch of CO2. However, this peak is not observed and is probably hidden 

underneath the broad and overlapping spectral region. All of the experimental vibrations 

observed are summarized in Table 5.1.  

Evacuation experiments, using FTIR spectroscopy, of the ZnO surface after the 

exposure to 1 Torr of CO2 as a function of time were performed as shown in Figure 5.5. 

In these experiments the stability of adsorbed surface species is determined. Of all the 

adsorbed species, adsorbed bicarbonate and bent CO2 species were found to be unstable 

upon evacuation of gas-phase CO2. The peaks due to adsorbed bicarbonate species, at 

1225, 1422, and 1630 cm
-1

, decrease significantly in intensity, upon evacuation. The 

peaks that stay behind in the spectrum and are stable are due to adsorbed carbonates (both 

monodentate adsorption and bidentate carbonate) and carboxylate species. This suggests 

that carbonate and carboxylate species are stable and remain adsorbed on the surface of 

ZnO even upon evacuation for longer time duration. These results are consistent with 

previous literature observations of CO2 adsorption on other metal oxides. As we know,  
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Figure 5.6: Transmission FT-IR spectra of adsorbed (a) C
16

O2 (black); and adsorbed (b)  

C
18

O2 (red) on ZnO at a pressure of 1 Torr and a temperature of 296 K. 

 

 

isotope-labeling FTIR experiments can provide information about the surface adsorbed 

species, therefore isotope experiments were performed. O
18

 labeled CO2 was adsorbed 

onto the surface of ZnO surface, to investigate the vibrational frequencies of surface 

adsorbed species, as shown in Figure 5.6. Shifts in vibrational frequencies for all the 

characteristic peaks due to bent CO2, bicarbonate, carbonate and carboxylate species 
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were observed which further supports our vibrational mode assignments. The isotope 

vibration frequencies have also been summarized in the Table 5.1 

 

 

Table 5.2: Summary of experimental vibrational frequencies for adsorbed H2O at 40% 

RH on the ZnO surface. 

 

Vibrational 
  Mode 

ZnO 

Frequency(cm-1) 

O—H Stretching
 a
 3695 

3620 

3475 

3408 

H—O—H Bending 1642 

Association mode 2218 

Water solvated surface carbonate 1406 
 

a The O—H stretching region is broad and has four underlying absorption peaks at 3695, 

3620, 3475, 3408 cm-1. 

 

 

5.4.2 Transmission FTIR Spectroscopy of Water Adsorbed 

on ZnO 

 

FTIR spectroscopy was used to analyze H2O adsorption on ZnO surfaces. For 

comparison, the ZnO surface was exposed to water vapor as a function of increasing 

relative humidity in the absence of CO2. Figure 5.7(a) and (b) shows the transmission 

FTIR spectra, in higher and lower wavenumber regions, of ZnO as a function of 

increasing relative humidity (from < 5 % to 75 % RH). We observe in this spectrum a 

peak at 1642 cm
-1

 due to the bending mode of adsorbed water. A broad and low intensity 

peak at 1406 cm
-1

 has been assigned to water solvated surface carbonate based on the fact 

that a small amount of carbonate species was initially present on the ZnO surface.
126  

The 
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O—H stretching region was broad and uninteresting with underlying absorption peaks at 

3695, 3620, 3475, 3408 cm
-1

, as shown in this figure. Also a weak band at 2218 cm
-1

 was 

seen and is called association band. This band is a result of the combination of bending, 

liberation, and hindered translation modes, ν2+νL-νT, respectively, and is not shown in 

this Figure.
126

 The vibrational frequencies are summed up in Table 5.2. 

 

 

 
                                      (a)                                                            (b) 

 

Figure 5.7: Transmission FTIR spectra of ZnO as a function of increasing relative 

humidity (from < 5 % to 75 % RH). (a) 4000-2500 cm
-1

;(b) 1800-1200 cm
-1

 region. 

 

 

5.4.3 Transmission FTIR Spectroscopy and Quantum  

Calculations of Carbon dioxide Adsorbed on ZnO Under  

Wet Conditions 

 

 The spectrum shown in Figure 5.8(a) is due to adsorbed H2O at 40% RH on ZnO. 

The spectrum in Figure 5.8(b) shows the adsorbed products on the surface after exposure 

to a mixture of carbon dioxide (0.274 Torr of C
16

O2) and water (40% RH) at 296 K. 

Whereas, spectrum 5.8(a) showed only adsorbed H2O, the resulting spectra are quite 
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similar (Figure 5.8(a) and 5.8(b)). Therefore, a difference spectrum was taken as shown 

in Figure 5.8(c), showing low intensity peaks due to the formation of a small amount of 

carbonate. These absorption bands are assigned to the monodentate and bidentate 

carbonate formation. The OCO stretching modes at 1507 and 1400 cm
-1

 are due to 

monodentate carbonate formation,
151, 153, 157-160

 and vibrations at 1602, 1340 cm
-1

 are due 

the OCO stretching for the bidentate carbonate formation.
152, 153, 155-157, 160 

The weak 

absorption bands seen in the difference spectrum are due to the formation of small 

amount of carbonate species. An increase in the intensity of these peaks due to adsorbed 

carbonate occurs with an increase in RH. For the O-H stretching region, 3400-4000 cm
-1

, 

not much difference is observed. The vibrational frequencies are summarized in Table 

5.3. 

Previously, Baltrusaitis et al. has shown the formation of carbonate species in 

presence of CO2 and relative humidity, for both nanoparticulate Fe2O3 and Al2O3 

surfaces, suggesting water catalyzes the formation of carbonate species.  It involves the 

initial adsorption and reaction of H2O and CO2 to yield a bicarbonate intermediate that 

rearranges to form the carbonic acid, and strong hydrogen bonding with surface adsorbed 

hydroxyl groups further stabilizes the carbonic acid. Carbonic acid formed then 

deprotonates to form carbonate species, as shown below (here M = Zn). 
117, 162-164 

 

 

H2O(a) + CO2 (a) + MOH ↔ MOH2
+
 + HCO

3

-
                                                                (3) 

MOH2
+
 + HCO3

-
 ↔ MOH + H2CO3                                                                                 (4)                                

2MOH + H2CO3 ↔ MOCO2

-
 + MOH2

+
 + H2O(a)                                                            (5)         
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   There is an absence of carboxylate species that was otherwise observed under dry 

conditions. As suggested previously in literature, presence of a dissociative electron 

donor, such as water, aids in the conversion of carboxylate species to the unidentate  

 

 

 

Figure 5.8: Transmission FTIR spectrum (a) of ZnO following exposure to 40% relative 

humidity (RH); (b) of ZnO following exposure to 0.274 Torr CO2 pre-equilibrated with 

40% RH ; and (c) is a difference spectrum as a result of the spectral subtraction of ZnO in 

the presence of H2O at 40% RH from the spectrum of ZnO in the presence of 0.274 Torr 

CO2 and H2O at 40% RH. 
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carbonate species.
33 

The possible monodentate and bidentate carbonate formation 

structures are shown in Figure 5.3(c) and 5.3(d) and have been explained earlier. 

 

 

 

Figure 5.9: Gas-phase transmission FTIR spectra of (a) 0.274 Torr C
18

O2; (b) 0.274 Torr 

C
18

O2 and 40% RH H2
18

O; (c) 0.274 Torr C
18

O2 and 40% RH H2
16

O; (c) 0.274 Torr 

C
16

O2 and 40% RH H2
18

º; (c) 0.274 Torr C
16

O2 and 40% RH H2
16

º; and (d) 0.274 Torr 

C
16

O2 on nanoparticulate ZnO.  
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Isotope-labeling experiments in the presence of co-adsorbed water were 

conducted for better understanding the reaction mechanism of premixed CO2 and H2O on 

the ZnO surface. These isotope-labeling experiments were performed using various 

isotope combinations of C
16

O2, H2
16

O, C
18

O2 and H2
18

O. Isotope combinations C
16

O2 + 

H2
16

O, C
16

O2 + H2
18

O, C
18

O2 + H2
16

O and C
18

O2 + H2
18

O were premixed, and a 

comparison was made with the transmission FT-IR spectra of pure C
16

O2 or C
18

O2 at 

0.274 Torr, as shown in Figure 5.9 for nanoparticulate ZnO. Examination of the gas-

phase spectra suggests that isotope mixing occurs in the gas-phase i.e. upon adsorption of 

isotopically labeled CO2 and H2O, slight shifts in the vibrational frequencies occurred as 

compared to the pure C
16

O2 and C
18

O2 adsorption frequencies. One can conclude that 

extensive isotope exchange is observed between oxygen atoms of the CO2 and H2O in the 

gas-phase. To further justify our conclusion, blank experiments were conducted in 

absence of the ZnO surface, and no changes in the peaks for gas-phase CO2 or H2O were 

observed. As a result, we can conclude that the isotope scrambling observed is surface 

mediated.  The corresponding adsorptions for the adsorbed carbonate are not shown here 

since the adsorption intensities are small and broad and any change is overshadowed by 

the broadness of the adsorbed carbonate species. Baltrusaitis et al. has previously 

proposed the isotope substitution reaction mechanism following the C
18

O2 + H2
16

O 

exposure on an aluminum oxide surface.
117, 162-164

  

 

 

H2
16

O + C
18

O2 ↔ H2C
18

O2
16

O                                    (6) 

H2C
18

O2
16

O ↔ H2
18

O + C
16

O
18

O                                    (7) 
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H2
16

O + C
16

O
18

O ↔ H2C
16

O2
18

O                                    (8) 

 

 

To further see the isotope scrambling in the gas-phase, in the presence of the ZnO 

surface in the reaction cell, C
18

O2 + H2
16

O, C
16

O2 + H2
18

O was monitored on a longer 

time scale ranging from a few seconds to a couple of hours. FT-IR spectra were recorded 

every 4 seconds, at an instrument resolution of 4 cm
-1

. Figure 5.10 shows the gas-phase 

spectra. 

 

 

Table 5.3: Summary of experimental and calculated vibrational frequencies for adsorbed 

0.274 Torr C
16

O2 on the ZnO surface under wet (40% RH) conditions. 

 

Adsorbed 
Species 

Vibrational 
Mode 

ZnO (Wet) 
Frequency  

(cm-1) 

Calculated 
 Frequency  

(cm-1) 

Literature 
Frequency   

(cm-1)a 
Carbonate     

 Monodentate    

 ν1(C-O)s - 989 1040 

 ν3(O-C-O)s 1400 1393 1404-1370 

 ν3(O-C-O)a 1507 1580 1480-1425 

 Bidentate    

 ν1(C-O)s - 1017 1030- 999 

 ν3(O-C-O)s 1340 1314 1364-1303 

 ν3(O-C-O)a 1602 1573 1665-1512 
 

a
 Range taken from references.

151-161
 

 

 

that were collected while the zinc oxide was exposed to 0.274 Torr of C
18

O2 and 40%RH 

(H2
16

O) as a function of time. These time course plots are used to illustrate this isotope 

mixing observed as a function of time. A gradual shift in the C
18

O2 occurs towards higher 
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frequencies as a result of isotope mixing (C
16

O
18

O) between the oxygen atoms of CO2 

and H2O. 

 

 

 

Figure 5.10: Gas-phase transmission spectra of 0.274 Torr C
18

O2 and 40% RH H2
16

O on 

nanoparticulate ZnO as a function of time.  
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5.5 Conclusions  

To conclude, under dry conditions, the ZnO surface reacts with carbon dioxide to 

form bent CO2, bicarbonate, carbonate and carboxylate species. Under wet conditions, 

water and carbon dioxide adsorbs on the metal oxide surface, which forms bicarbonate 

and carbonic acid intermediates. The carbonic acid intermediate then deprotonates to 

adsorbed carbonate species. All the peak assignments and other conclusions were 

supported with quantum calculation and isotope experiments. Thus, CO2 and H2O 

premixed can have potential implications in atmospheric chemistry and can have 

interesting chemistry. 
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CHAPTER VI 

CARBON DIOXIDE ADSORPTION ON MgO NANOMATERIAL: EFFECT OF 

PARTICLE SIZE AND SURFACE AREA  

 

6.1 Abstract 

Alkaline earth-based oxides are important materials for the storage of carbon 

dioxide. Here a comparison of CO2 adsorption on two different MgO samples is 

discussed. A commercially available low surface area material is compared to a lab-

synthesized high surface area material. The preparation of the synthesized material is 

discussed briefly. Characterization of both the MgO samples for the phase, particle size, 

pore size and surface area was accomplished using several techniques and methods 

including scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), powder X-ray diffraction (XRD), and nitrogen adsorption analysis. The results 

show that synthesized MgO has a high surface area in the range of 120-136 m
2
/g and a 

narrow pore size distribution in the range of 2-5 nm. In situ transmission FTIR 

spectroscopy was used to investigate CO2 adsorption on the two MgO surfaces.  This 

spectroscopic investigation shows that synthesized MgO exhibits enhanced CO2 

adsorption capacity relative to commercially available MgO nanoparticles.  These 

differences can be attributed mainly to an increased surface area. There are also some 

differences in surface carbonate/bicarbonate speciation observed between the synthesized 

versus commercial MgO samples, which may be related to structural differences for the 

smaller nanoparticles. 
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6.2 Introduction 

CO2 plays an important role in global warming, carbon dioxide storage and 

conversion are topics of great importance to the scientific community and the public.
74, 165

 

Novel technologies and materials are needed to capture and store CO2. Recent studies 

indicate that nanomaterials have the potential to adsorb and convert CO2 into more useful 

products. One of the potential methods for the removal of CO2 is the use of solid sorbent 

materials.
74

 Recently, alkaline earth-based oxide materials have received increased 

attention as adsorbents for CO2.
74, 75, 165

 In the case of MgO, stoichiometric amounts of 

CO2 can be taken up according to the reaction: MgO + CO2 → MgCO3. However, due to 

the low surface area-to-volume ratio of many materials and the formation of a 

termination layer of carbonate on the surface, there is a hindrance toward further reaction 

of the alkaline earth oxide such as MgO with CO2.
166

 Thus enhancing the efficiency of 

alkaline earth-based CO2 absorbent is of great interest.
74, 166, 167

 

Most current work focuses on alkaline earth-based sorbents using impregnation 

and wet mixing of potassium carbonate, alkaline metals for multiple CO2 capture-and-

release cycles.
74, 166, 168

 A more effective method for enhancing the efficiency of CO2 

adsorption on alkaline earth oxides may be by decreasing the particle size for exposing 

more active sites.  In recent years, metal oxide nanoparticles have been widely used in 

many applications including as adsorbents,
74, 169, 170

 sensors,
171-173

 and catalysts,
72, 174-176

 

due to their large surface area-to-volume ratio.
169, 171, 177

 Additionally, MgO is one of the 

most important metal oxides. It has been used for application in catalysis, refractory 

material industries, paint, and superconductors.
71-73

 MgO is also a promising sorbent for 

chemisorption of various pollutants.
73, 178
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Porous MgO is desirable for CO2 adsorption. Porous materials have several 

advantages including high surface area, expedite mass transport, and can be more 

effectively recycled.
72, 179

 In this study, a general strategy to synthesize MgO, a high 

surface area and small particle size, with a nanocrystalline framework via the thermal 

decomposition of magnesium alkoxide is discussed. In situ transmission FTIR of CO2 

adsorption on synthesized and commercial is then discussed, from which we learn that 

CO2 can be absorbed effectively on the surface of synthesized MgO.
72

 

 

6.3 Experimental Methods 

6.3.1 Materials 

 Magnesium acetate tetrahydrate, commercial MgO and 1-butanol were purchased 

from Sigma-Aldrich. 1-Hexanol was obtained form Alfa Aesar. 2-Propanol was obtained 

form Fisher Scientific. Ethanol was obtained from Decon Laboratories, Inc. All 

chemicals were used without further purification. 

Research-grade purity carbon dioxide (C
16

O2) was purchased from Airgas and 

was used directly without any purification. 

 

6.3.2 Synthesis of Magnesium Oxide 

The synthesized MgO is obtained by thermal decomposition of magnesium 

ethoxide occurs without the use of structure-directing reagent, such as surfactants. The 

steps of this process include the reaction of magnesium acetate with ethanol to obtain 

magnesium ethoxide, according to (1). First, 2.14 g of Mg(CH3COO)2·4H2O is added to 

200 mL ethanol. After stirring with a magnetic stir bar for 1 hour at 120 °C, a solid 
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product was obtained. The solid was recovered and purified by three centrifugation and 

re-dispersion cycles with acetone.   

 

 

Mg(CH3CO2)2 + CH3CH2OH � Mg(CH3CH2O)2 + CH3CO2H                                       (9) 

 

 

Second, the magnesium ethoxide obtained was then calcined at 500 °C for 2 hours 

with a heating rate of 2.0 °C/min in air, which breaks magnesium ethoxide into small 

MgO nanoparticles. In this high temperature step, volatile gases are generated as the 

framework of magnesium ethoxide breaks down. This step results in an intercrystalline 

mesoporous structure.
180

  

 

6.3.3 Characterization of Materials 

 The morphology of as-prepared MgO and commercial MgO (purchased from 

Aldrich) were examined by various techniques. Both samples were characterized by 

transmission electron microscopy (TEM, JEOL JEM-1230).  Powder X-ray diffraction 

(XRD) patterns were collected using a X-Ray diffractometer with Cu Ka radiation 40 kV 

and 30 mA. The Brunauer-Emmett-Teller (BET) specific surface area and pore size was 

measured using a Quantachrome Nova 4200e. Pore size distribution plots for both the 

MgO nanoparticles were obtained by Barrett-Joyner-Halenda (BJH) method from the 

adsorption branch of the isotherm. Measurements are reported as averages of multiple 

measurements.  Errors in these measurements represent the standard deviation. 
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2θ(deg) 
Figure 6.1: XRD pattern of commercial and synthesized MgO samples. 

 

 

6.3.4 FTIR studies of Carbon Dioxide Adsorption  

In situ transmission FTIR spectroscopy was employed to investigate the 

adsorption of CO2 on synthesized MgO and commercial MgO. The infrared sample cell 

and gas handling system used to investigate CO2 adsorption has been described 

previously.
52

 FTIR spectra were recorded using a single beam Mattson Infinity Gold 

FTIR spectrometer with a liquid nitrogen-cooled narrow band mercury–cadmium–

telluride (MCT) detector.  
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Table 6.1: Physical properties determined from nitrogen adsorption measurements and 

transmission electron microscopy for MgO nanomaterials. 

 

Sample 
Surface Area 

(m
2
/g) 

Size  
(nm) 

Pore Volumea 
(cm3/g) 

Pore Sizeb 
(nm) 

Synthesized MgO 
 

121± 15 

 

9 ± 2 

 

0.373  

 

3.8  

Commercial MgO 35± 6 36 ± 10 0.080 1.3 

 

a
 The pore volume of each sample is determined at P/P0 = 0.986.  

 

b
 The pore size is determined by the peak position of the pore size distribution. 

 
 

 

Before CO2 adsorption studies, samples were calcined at 500 °C in oxygen 

atmosphere for 2 hours to get rid of any impurities. The samples were then pressed onto 

the tungsten grid and then placed in the infrared sample cell and evacuated overnight 

under vacuum at room temperature to remove any adsorbed water. CO2 gas was 

introduced into the reaction cell through the gas handling system. Two absolute pressure 

transducers were used to monitor the pressures. MgO sample was exposed to carbon 

dioxide for around 30 minutes prior to recording a spectrum. Carbon dioxide was then 

adsorbed at different pressures at room temperature. Each spectrum was obtained by 

averaging 256 scans at an instrument resolution of 4 cm
−1

. Each absorbance spectrum 

shown represents a single beam scan referenced to the MgO sample prior to adsorption. 
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6.4 Results and Discussion 

6.4.1 Characterization of MgO Samples 

  Figure 6.1 shows the powder XRD patterns of magnesium oxide samples, both 

commercial and synthesized. The XRD pattern shows two strong peaks at around 42° and 

62°, which is the typical pattern of MgO crystal. The strong peaks at around 42° and 62° 

are assigned to the (200) and (220) reflections of MgO in the cubic rock salt structure 

JCPDS card no. 75-0447). The XRD data for synthesized MgO shows that it is highly 

crystalline, and at this temperature, magnesium ethoxide is completely gone and the 

sample has converted entirely to crystalline MgO.  

The size of the nanoparticles as well as the pore structure of MgO samples is 

examined by TEM. Figure 6.2 shows the TEM images of both the MgO samples. The 

smaller nanoparticles and detailed pore structure can be observed by using high 

magnification TEM. The TEM image indicates that MgO is composed of particles with  

irregular shape. High-magnification TEM image of synthesized MgO reveals the 

presence of many wormlike pores inside a larger aggregate. The formation of mesopores 

is due to the aggregation of many small primary MgO nanoparticles with interparticle 

connections. The primary particle size is determined to be 9 ± 2 nm and 36 ± 10 nm for 

synthesized and commercial MgO samples respectively, as shown in Figure 6.3. Surface 

area of both the nanoparticles was analyzed using BET. Synthesized MgO has a BET 

surface area of 121 ± 15 m
2
/g whereas the commercial MgO has a surface area of 35 ± 6 

m
2
/g. The physical properties of the samples are summarized in Table 6.1. 
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 (a)                                                                   

 

 

 

  

 

 

 

 

 

 

                                                                    

(b) 

Figure 6.2: High magnification TEM images of (a) synthesized MgO and (b) commercial 

MgO. 
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Figure 6.3: Particle size distribution of synthesized MgO and commercial MgO.  

 

 

To further analyze and quantify the pore structure of the synthesized and 

commercial MgO sample, nitrogen adsorption-desorption analysis is done. Both samples 

display type IV isotherms according to the IUPAC, as shown in Figure 6.4. Both the  

samples are porous, synthesized MgO has a pore volume of 0.373 cm
3
/g, and commercial 

MgO has a pore volume of 0.080 cm
3
/g. Figure 6.5 exhibits the pore size distribution of 

both samples (synthesized and commercial) using the BJH method to the adsorption 

branch. This yields a pore size of 3.8 and 1.3 nm for synthesized and commercial MgO, 

respectively. These pore size distributions are narrow and by definition mesoporous in 

size.  

 

6.4.2 Carbon Dioxide Adsorption on MgO Surfaces 

To investigate the potential application of the synthesized MgO for CO2 

adsorption, in situ transmission FTIR spectroscopy is used. Figure 6.6 shows FTIR 

spectra of CO2 adsorbed on synthesized MgO as a function of CO2 pressure from 0.26 to 
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20.2 Torr at 23 
o
C. The adsorption of CO2 on commercial MgO surface was also carried 

out and is shown in Figure 6.7. The adsorption of the CO2 on both the surfaces results in 

 

 

 

Figure 6.4:  Nitrogen adsorption-desorption isotherms for synthesized MgO and 

commercial MgO.  

 

 

appearance of a broad feature in the 1000-1800 cm
-1

 region, with similar peaks, and these 

peaks grow in intensity with increasing CO2 pressures. The nature of CO2 adsorption on 

both the surfaces is discussed below in detail as a comparison. 
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Figure 6.8, compares the two surfaces for CO2 adsorption at 1 Torr pressure. The 

absorption band at 2344 cm
-1 

is observed most notably at high pressure and is due to the 

formation of linearly adsorbed CO2.
75, 181

 This band as we see in this figure is low in 

 

 

Figure 6.5: Pore size distribution of synthesized MgO and commercial MgO. 

 

 

intensity and grows in intensity with increasing CO2 pressures (as shown earlier in Figure 

6.7). On looking closely, we observe that more molecular CO2 can be absorbed on the 

surface of synthesized MgO as compared to commercial MgO at higher CO2 pressures. 
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The absorption bands at 1651, 1406, 1223 and 1028 cm
-1 

are due to the ν(OCO)a, 

ν(OCO)s, δ(COH) and ν(CO)s of bicarbonate, and the bands at 1673, 1556, 1361 and 

1091 cm-1 are assigned to the ν(OCO)a, ν(OCO)a, ν(OCO)s and ν(CO)s of carbonate  

 

 

 

Figure 6.6: Transmission FTIR spectra of adsorbed CO2, as a function of increasing CO2 

pressure on synthesized MgO (P = 0.264, 0.933, 4.697, 11.2, 15.8 and 20.2 Torr). 
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species formed on the surface of  MgO nanomaterials.
181, 182

 All the vibrational 

frequencies are summarized in Table 6.2. 

 

 

 

Figure 6.7: Transmission FTIR spectra of adsorbed CO2 on commercial MgO as a 

function of CO2 pressure at room temperature (P = 0.269, 0.939, 4.710, 11.4, 15.8 and 

19.7 Torr), under dry conditions.  

 

 

MgO is known to possess both acidic and basic adsorption sites. In previous 

studies, CO2 has been used as a probe molecule for these sites.  Both linearly bonded CO2 
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as well as carbonate/bicarbonate species are observed in the spectra of MgO surfaces 

upon CO2 adsorption. Bicarbonate species, characterized by the most intense absorption 

bands at 1651, 1406 and 1223 cm
-1

 forms via the reaction of CO2 with basic surface 

hydroxyl groups.
183

 On the other hand, carbonate species formation can be of a few types,  

 

 

 

Figure 6.8: FTIR spectra of adsorbed CO2 on synthesized MgO and commercial MgO at 

a CO2 pressure of ~1 Torr and temperature of 296 K. Weight of the samples is 

normalized to 5 mg. 
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depending on the acid basic sites present. There can be formation of monodentate, 

bidentate and bridged carbonate on metal oxide surfaces. On these MgO surfaces we 

observed the formation of two types of carbonates, monodentate and bidentate. 

Monodentate carbonate species, commonly observed on metal oxide surfaces exposed to 

CO2 has absorption bands at 1510 and 1410 cm
-1

. These bands are absent or obscured by 

the more intense bicarbonate and bidentate carbonate bands (vide infra). These generally 

are formed via the interaction of CO2 molecule with basic surface oxygen sites. In the 

spectra shown in Figure 6.6, the intense bands at 1556 and 1361 cm
-1

 can be assigned to a 

bidentate carbonate.
193

 Bidentate carbonate has been proposed to form via the interaction 

of CO2 with both surface acidic and basic sites. Bridged carbonate species are formed by 

bonding of CO2 to two basic sites via formation of bicarbonate followed by bicarbonate 

deprotonation on nearby basic sites to yield carbonate
106

 and are not observed in these 

experiments. 

Comparing both the MgO samples for CO2 adsorption, in Figure 6.8, we observe 

distinct absorption bands at 2344, 1673, 1651, 1556, 1406, 1361, 1223, 1091 and 1208 

cm
-1

 in the FTIR spectra. In the case of synthesized MgO, with smaller particle size, these 

bands are much stronger than the corresponding bands in the spectrum of commercial 

MgO under the same experimental condition for a given mass. It indicates that 

synthesized MgO has higher activity for CO2 conversion into bicarbonate/carbonate 

relative to commercial MgO.  

To further justify this conclusion, the integrated areas are compared for the 

carbonate and bicarbonate absorptions in the spectral range extending from 980 to 1850 

cm
-1

. Figure 6.9 shows the integrated areas of both the surfaces with increasing CO2 
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pressures. The increase rate of integrated area is higher at low pressure than that at high 

pressure. However, for the same sample mass, the integrated area of bicarbonate and 

carbonate increases faster on synthesized MgO than on the commercial MgO under the 

same conditions. At a CO2 pressure of 20.5 Torr, the integrated area of carbonate on 

synthesized MgO is about 3.2 times larger than on commercial MgO. The higher activity 

of synthesized MgO is most likely due to the smaller primary MgO nanoparticles and 

larger surface area. The surface area and particle size of synthesized MgO is 121 ± 15 

m
2
/g and 9 ± 2 nm. In contrast, the commercial MgO has lower surface area (35 ± 6 m

2
/g) 

and larger particle size (36 ± 10 nm). According to the surface area and particle size, we 

can suggest that synthesized MgO has more active sites for CO2 adsorption due to the 

high surface area-to-volume ratio. The higher surface area-to- volume ratio, the higher 

the efficiency of MgO for CO2 adsorption, as high surface area-to-volume ratio allows 

effective utilization of MgO, and conversion to carbonates/ bicarbonates. 

On the basis of results from the adsorbed CO2 on the MgO samples, synthesized 

MgO with small primary MgO nanoparticle size has high activity for CO2 adsorption due 

to increased surface area. To further compare the samples for CO2 adsorption the ratio of 

carbonate to bicarbonate absorption band intensities is calculated. The ratio is slightly 

different for the two samples with, with ratios of 0.49 and 0.45, for synthesized MgO and 

commercial MgO particles, respectively. This shows an increase in acidic surface sites 

for the synthesized MgO needed to form surface carbonate. This increase in surface 

acidity can be associated with an increase in acidic unsaturated surface magnesium sites 

due to the smaller particle size and/or preparation method. Although the majority of 

surface sites are basic on both samples, mainly hydroxylated magnesium sites, as inferred 
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from the major bicarbonate peaks, an increase in carbonate species intensity suggests 

local disorder in the vicinity of hydroxylated magnesium sites. These differences are 

important as adsorbed carbonate species, once formed, have been shown to have greater  

 

 

 

Figure 6.9: Integrated area of carbonate and bicarbonate region of synthesized MgO and 

commercial MgO as a function of CO2 pressure. Integrated in the spectral range 

extending from 980 to 1850 cm
-1

. 
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Figure 6.10: Transmission FTIR spectra of evacuation CO2 adsorbed on synthesized MgO 

in the spectral range extending from 2000 to 900 cm-1. The losses in the spectra are due 

to the desorption of bicarbonate species as shown. 

 

 

 

stability with evacuation or heating.
106, 184

 Changes in surface speciation may indicate 

differences in the surface sites and structural arrangement of MgO nanoparticles surfaces.  

Evacuation experiments, using FTIR spectroscopy, of the MgO surface after the 

exposure to 1 Torr of CO2 as a function of time were performed as shown in Figure 6.10. 

In these experiments the stability of adsorbed surface species is determined. Of all the 

adsorbed species, adsorbed bicarbonate and linearly adsorbed CO2 species were found to 
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be unstable upon evacuation of gas-phase CO2. The peaks due to adsorbed bicarbonate 

species, at 1651, 1406, 1223 and 1028 cm
-1

, decrease significantly in intensity, upon 

evacuation. The peaks that stay behind in the spectrum are stable and are due to adsorbed 

carbonate species. This suggests that carbonate species is stable and remains adsorbed on 

the surface of MgO even upon evacuation for longer time duration. These results are 

consistent with previous literature observations of CO2 adsorption on other metal 

oxides.
106, 121

 

 

 

Table 6.2: Summary of experimental vibrational frequencies for adsorbed carbonate/ 

bicarbonate on the MgO surface under dry conditions at C
16

O2 pressure of 1 Torr. 

 

Adsorbed 
Species 

Vibrational 
Mode 

MgO 
Frequency (cm-1) 

Literature 
 Frequency (cm-1)a 

CO2 linear complex    

 ν3 2344 2400-2200 

Bicarbonate    

 ν1(OH) - 3620 

 ν2(O-C-O)a 1651 1700-1604 

 ν3(O-C-O)s 1406 1480-1383 

 δ4(COH) 

ν5(C-O)s 

1223 

1028 

1250-1210 

1040 

Carbonate    

 Monodentate   

 ν1(C-O)s 1091 1075-1050 

 ν3(O-C-O)s - 1510-1385 

 ν3(O-C-O)a 1556 1590-1510 

 Bidentate   

 ν1(C-O)s - 1005-950 

 ν3(O-C-O)s 1361 1380-1280 

 ν3(O-C-O)a 1673 1700-1635 

 
a
 References:

68, 182, 185-190
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6.5 Conclusions 

In summary, we have demonstrated that the synthesized MgO with small primary 

MgO nanoparticles exhibited high adsorption capacity for CO2 due to its small particle 

size of the primary MgO nanoparticles and high surface area compared to commercial 

samples of MgO that contain larger particles. 
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CHAPTER VII 

CONCLUSIONS AND FUTURE DIRECTIONS  

 

7.1 Conclusions  

Carbon dioxide storage and conversion are topics of great importance to the 

scientific community and the public because of the global implications related to climate 

change, sustainability and energy. There is a great deal of interest in using nanomaterials 

for the capturing, storage and conversion of carbon dioxide. This chapter discusses briefly 

the overall trend and reactivity of all the oxide based nanomaterials used in this study 

towards CO2 adsorption. On these nanomaterials we see formation of various products 

such as bicarbonate, carbonate (monodentate, bidentate and bridged) and even 

carboxylate species (in the case of ZnO).  

The different samples were also compared for their adsorption capacity as shown 

in Figure 7.1 and Figure 7.2. This trend in the CO2 adsorption capacity of these 

nanomaterials can be taken in future to predict their reactivity, when these nanomaterials 

are pretreated under similar conditions. 

 In Figure 7.1, the adsorption capacity of different nanomaterials is compared, 

normalized by mass. On comparing the adsorption trend at 10 Torr, we observe that the 

MgO nanomaterials adsorb the most CO2 compared to other metal oxides. These 

nanomaterials are better than other nanomaterials for converting CO2 to carbonates and 

bicarbonates. Second to the MgO are the porous nanomaterials, zeolites. Zeolites adsorb 

CO2 molecularly and there is a little conversion to carbonate and bicarbonates. These are 

followed by the alumina nanomaterials and lastly by ZnO. This trend observed for metal 
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oxides can be explained in terms of their basicity. MgO is more basic than the amphoteric 

Al2O3 and ZnO nanomaterials.  

 

 

 

Figure 7.1:  Bar graph showing CO2 adsorption capacity of different oxide based 

nanomaterials in molecules/g (normalized by mass) at CO2 pressures of 1, 10 and 20 

Torr. 

 

 

Figure 7.2 shows the trend in adsorption capacity of the nanomaterials normalized 

to surface area. We observe a similar trend for different metal oxides and zeolites. 
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Interestingly, now we observe that the at higher CO2 pressure synthesized MgO falls 

lower in adsorption capacity than the commercial MgO, which absorbs more CO2 based 

on the surface area. Though the overall trend now is slightly changed: MgO > ZnO > 

Al2O3 and the zeolites fall in between. ZnO, with its lower surface area, shows more  

 

 

 

Figure 7.2: Bar graph showing CO2 adsorption capacity of different nanomaterials (NaY, 

BaY, nano NaY, alumina whiskers, 10 nm alumina, ZnO, synthesized and commercial 

MgO) normalized to surface area at three different CO2 pressures (1, 10 and 20 Torr). 
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reactivity as compared to alumina nanomaterials and thus distorts the earlier observed 

order. 

Adsorption of CO2 in the presence of relative humidity was studied in the case of 

ZnO and zeolite nanomaterials. We observed a slight change in reactivity under wet 

conditions as compared to dry conditions. In the case of zeolites, for BaY, we saw 

formation of bicarbonate species when water and CO2 are co-adsorbed. Formation of 

bicarbonate and carbonate species was observed under wet conditions for nano NaY. 

However, for ZnO, under wet conditions only carbonate species was formed, whereas 

under dry conditions we saw bicarbonate and carboxylate species as well. 

 

7.2 Future Directions 

The research conducted so far can serve as a platform for new future directions 

for this project. Recent studies have shown that there can be enhancement in the 

adsorption capacity of nanoporous zeolites by functionalizing the structure of zeolites. 

Literature suggests that modifying the structure of commercial Y zeolite with TEPA 

(tetraethylenepentamine) resulted in a significant enhancement in CO2 adsorption 

capacity.
191

 Similarly, it will be interesting to substitute the zeolite framework and study 

the photocatalytic activity. Previously, such an experiment resulted in formation of CO2, 

CH4 and CH3OH onto mesoporous silica where a framework substitution by Ti species 

was made. 
192

 

In the case of metal oxides, a comparison study of CO2 adsorption behavior on 

different aluminum materials (or other metal hydroxides) will be equally interesting. 

Studying the photocatalytic behavior of ZnO for CO2 reduction might lead to formation 
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of interesting new products. For MgO nanomaterials, the adsorption capacity for CO2 

under wet conditions will be another interesting study to conduct. MgCO3 is known to 

exist in different phases under relative humidity.
193-195

 It will therefore be interesting to 

study co-adsorption of CO2 and H2O on these surfaces and to observe a phase change 

behavior under such experimental conditions.  
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APPENDIX A 

INSTRUMENTAL PARAMETERS, MACRO PROGRAMS AND 

CALCULATIONS 

 

A1. Instrumental Parameters for Transmission FT-IR 
Spectroscopy: Mattson Infinity Gold FTIR 
Spectrometer 
 

Basic 

Sample Scans: 250    

Background Scans: 1  

Resolution: 4 cm
-1

 

Gain: 1 

Moving Mirror 

Forward Velocity: 40.0 kHz 

Reverse Velocity: 40.0 kHz 

Frequency Start: 650 cm
-1

  

Frequency End: 4000 cm
-1

  

Spectral Range: MIR 

Laser Samp: 2 

Low Pass Filter: Auto 

Signal 

ADC Sensitivity: Off 

ZPD Polarity: Positive 

ZPD Threshold: 170Mv 

Processing 

Zero Fill: 1X 

FFT Symmetry: Double 

Apodization: Triangle 

Phase Correction: Mertz 

Phase Apodization: Triangle 

Phase Type: Real 

 

A2. Macro Programs 
 

 Different type of Macro programs were used to automatically instruct the 

spectrometer either to continuously collect spectra or to manipulate the data after taking 

the scans.  
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A2.1 Macro Program for Automatic Scans 

 

For x = 1 to 5000 step 1 

begin 

 

sleep 4 

Bench:Scan 

 

save 

end 

 

A2.2. Macro Program for Integrating Specific Regions in 

the Spectra 

  

cd C:\Pragati\8thjune2009 

S = findFirstFile "8jun9*.abs" 

A = stringLength S 

if (A > 0) 

{ 

 while (A > 0) 

 { 

  B = load S  

  A = integrate 1800 980 

       save 

  S = findNextFile 

  A = stringLength S 

 } 

 

A3. Adsorption Capacity Calculations 
 

Step 1: 

Experimental  

Initial Pressure (Ip) 

Equilibrium Pressure (Ep) 

∆p (Exp) (Torr) = Ip –Ep 

 

Step 2: 

Blank 

Initial Pressure (Ipb) 

Equilibrium Pressure (Epb) 

∆p (Blank) (Torr) = Ipb –Epb 

 

Step 3: 

∆p (Exp) = Ip –Ep 

∆p (Blank) = Ip –Ep 

d(∆p)(Torr) = ∆p (Blank) - ∆p (Exp) 
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Step 4: 

n = (d(∆p).V) / (R.T) 

N = n.A 

 

Step 5: 

N/cm
2
 = Molecules/cm

2
 = N / (SA* wt) 

 

Step 6: 

N/g = Molecules/g = N/wt 

 

 

Constants 

N = Avagadros Number = 6.02E+23 

R = Gas Constant = 62363.67 mLTorrK
−1

mol
−1

 

V = Volume of cell = 1197 ml 

T = Room Temperature = 298 K 

wt = Weight of sample, Value taken from Table A.1 

SA = Surface area, Value taken from Table A.2 

 

 

 

Table A.1: Summary of sample weight taken for each experiment  

and surface area of individual samples. 

 

Oxides Surface Area 
(cm2/g) 

Sample Weight 
(g) 

NaY 6550000 0.0118 

BaY 3320000 0.0119 

Nano NaY 5230000 0.0118 

Alumina Whiskers 3200000 0.0183 

10 nm Alumina 1950000 0.0183 

ZnO 150000 0.0183 

Synthesized MgO 1210000 0.0046 

Commercial MgO 350000 0.0054 
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Table A.2: Calculations summary for the CO2 adsorption capacity of individual samples. 

 

Oxides Ep 
(Torr) 

∆∆∆∆p 
Exp 

(Torr) 

∆∆∆∆p 
Blank 
(Torr) 

d∆∆∆∆p n N/cm2 N/g 

NaY        

 0.931 0.269 0.255 0.014 9.01E-07 7.03E+12 4.60E+19 

 11.4 2.8 2.7 0.1 6.44E-06 5.02E+13 3.29E+20 

 19.5 5.6 5.3 0.3 1.93E-05 1.51E+14 9.86E+20 

BaY        

 0.907 0.293 0.255 0.038 2.44E-06 3.73E+13 1.24E+20 

 11.3 3.4 3.2 0.2 1.28E-05 1.96E+14 6.52E+20 

 19.6 5.5 5.3 0.2 1.28E-05 1.96E+14 6.52E+20 

Nano NaY 
 

    

 0.916 0.284 0.255 0.029 1.86E-06 1.82E+13 9.53E+19 

 11.3 3.4 3.2 0.2 1.28E-05 1.26E+14 6.58E+20 

 19.5 5.6 5.3 0.3 1.93E-05 1.89E+14 9.86E+20 

Alumina Whiskers      

 0.928 0.272 0.255 0.017 1.09E-06 1.13E+13 3.60E+19 

 11.4 3.3 3.2 0.1 6.44E-06 6.62E+13 2.12E+20 

 19.6 5.5 5.3 0.2 1.28E-05 1.32E+14 4.24E+20 

10 nm Alumina       

 0.939 0.261 0.255 0.006 3.86E-07 6.52E+12 1.27E+19 

 11.4 3.3 3.2 0.1 6.44E-06 1.09E+14 2.12E+20 

 19.7 5.4 5.3 0.1 6.44E-06 1.09E+14 2.12E+20 

ZnO        

 0.941 0.259 0.255 0.004 2.57E-07 5.65E+13 8.48E+18 

 11.4 3.3 3.2 0.1 6.44E-06 1.41E+15 2.12E+20 

 19.7 5.4 5.3 0.1 6.44E-06 1.41E+15 2.12E+20 

Synthesized MgO      

 0.932 0.268 0.255 0.013 8.37E-07 9.06E+13 1.10E+20 

 11.2 3.5 3.2 0.3 1.93E-05 2.09E+15 2.53E+21 

 20.2 6.1 5.6 0.5 3.22E-05 3.48E+15 4.22E+21 

Commercial MgO      

 0.939 0.261 0.255 0.006 3.86E-07 1.23E+14 4.31E+19 

 11.4 3.3 3.2 0.1 6.44E-06 2.05E+15 7.18E+20 

 19.7 5.6 5.3 0.3 1.93E-05 6.16E+15 2.16E+21 
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