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ABSTRACT

CARBONDIOXIDE CAPTURE BY COPPER OXIDE NANOPARTICLES
DECORATED SUPPORTS

Boriiban, Cansu
M. S., Department of Chemistry
Supervisor: Assoc. Prof. Dr. Emren Nalbant Esentiirk

January 2016, 92 Pages

Carbon dioxide (COy) is the primary greenhouse gas emitted through human
activities such as combustion of fossil fuels (coal, natural gas, and oil) for energy
and transportation. The amount of CO, released to the atmosphere can be decreased

by using CO, adsorbing materials.

Zeolites and activated carbons outshine with their high surface areas for the purpose
of adsorbing gas molecules. Their highly porous, three dimensional structures makes
them great host to trap gas molecules and purifying industrial gases. Modifying the
surface of these dry adsorbents with metal oxide nanoparticles which preferentially
capture certain gases is considered as an attractive route to enhance their selectivity

as well as their gas trapping and storing efficiency.

In this study, improving the CO, adsorption and storing ability of activated carbon
and zeolite by integrating copper oxide nanoparticles onto the surface of these
supports was aimed. The synthesis of copper oxide (Copper(I) oxide (Cu,O) and
Copper(Il) oxide (CuO)) nanoparticles were synthesized on the adsorbent surfaces
by precipitation method. Characterization of copper oxide decorated adsorbents’

morphological, chemical and gas capturing capabilities were performed by X-Ray
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Diffraction Spectroscopy (XRD), Fourier Transform Infrared Spectroscopy (FTIR),
X-Ray Photoelectron Spectroscopy (XPS), Transmission Electron Microscopy
(TEM), Scanning Electron Microscopy (SEM), Energy-dispersive X-ray
spectroscopy (EDX). Analysis of adsorbed CO, was done by Thermo gravimetric
Analysis (TGA), and Brunauer-Emmett-Teller (BET) studies.

The developed hybrid system has provided the adsorption of CO, on the copper
oxide nanoparticles by chemically compared to its relatively weak adsorption on

zeolite and activated carbon.

Key Words: Nanoparticles, copper oxide, carbon dioxide, adsorption, surface,

zeolite, activated carbon, porous structure, dry adsorbents.

Vi


https://www.google.com.tr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CBsQFjAA&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FEnergy-dispersive_X-ray_spectroscopy&ei=8xOZVfiINsGosAGe3K2QDA&usg=AFQjCNE1bKSRFuTLevOrkFz0BmYY8-VeNA&sig2=_WdAPqWnRekK5o5CcUkVCw&bvm=bv.96952980,d.bGg
https://www.google.com.tr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CBsQFjAA&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FEnergy-dispersive_X-ray_spectroscopy&ei=8xOZVfiINsGosAGe3K2QDA&usg=AFQjCNE1bKSRFuTLevOrkFz0BmYY8-VeNA&sig2=_WdAPqWnRekK5o5CcUkVCw&bvm=bv.96952980,d.bGg

0z

BAKIR OKSIiT NANOPARCACIKLAR YERLESTIRILMIS
ADSORBANLAR TARAFINDAN KARBONDIOKSIT TUTUNUMU

Boriiban, Cansu
Yiiksek Lisans, Kimya Boliimii
Tez Yoneticisi: Dog. Dr. Emren Nalbant Esentiirk

Ocak 2016, 92 Sayfa

Karbon dioksit (CO,), enerji ve ulasim i¢in fosil yakitlarin (komiir, dogal gaz ve
petrol) yakilmasi gibi insan faaliyetleri yoluyla yayilan birincil sera gazidir.
Atmosfere salinan CO; miktari, CO; gazin1 adsorbe eden malzemeler kullanilarak

azaltilabilir.

Zeolit ve aktif karbon, yiiksek ylizey alam1 ve gozenekli yapisi sayesinde gaz
molekiillerinin tutunumunda kullanilan adsorbanlardir. Yiiksek gozenekli ve ii¢
boyutlu yapisi, zeolit ve aktif karbonu gaz molekiillerinin tutunumunda ve
endiistriyel gazlarin ayiriminda iyi birer ev sahibi yapar. Bu kuru adsorbanlarin gaz
yakalama ve depolama verimliligini artirmak amaciyla yiizey yapisinin o6zellikle
belirli gazlarin tutunumunda kullanmak i¢in metal oksit nanopargaciklart yardimiyla

degistirilmesi ilgi ¢eken bir yol olarak kabul edilir.

Bu caligmada aktif karbon ve zeolitin yiizeylerine bakir oksit nanopargaciklari
tutturularak, malzemelerin CO, tutma ve depolama ozelliklerinin gelistirilmesi
amaglanmistir. Yiizey tizerine bakir (I) oksit (CuyO) ve bakir (IT) oksit (CuO)
nanopargaciklar1 ¢okeltme metoduyla sentezlenmistir. Bakir oksit yiiklenmis
adsorbanlarin morfolojik, kimyasal ve gaz yakalama 6zellikleri X-1sinlar1 kiriim
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cihazi (XRD), Fourier Donilisimlii Infrared Spektrofotometre (FTIR), X-Isini
Fotoelektron Spektroskopisi (XPS), Yiiksek Coziiniirliklii Transmisyon Elektron
Mikroskobu (TEM), Taramali Elektron Mikroskobu (SEM) ve Enerji Dagilimli X-
Isin1 Spektroskopisi (EDX) kullanilarak karakterize edilmistir. Tutunan CO; analizi
Thermogravimetrik Analiz (TGA) cihaz1 ve Yiiksek Coziintirlikli Yiizey Alani ve
Mikro Gozenek Boyutu Analiz Cihazi (BET) ¢alismalariyla yapilmistir.

Gelistirilen hibrit sistemde, bakir oksit nanoparg¢aciklar1 yardimiyla, zeolit ve aktif

karbona kiyasla daha giiclii bir sekilde CO» tutunumu saglanmustir.

Anahtar Kelimeler: Nanopargacik, bakir oksit, karbondioksit, adsorpsiyon, yiizey,

zeolit, aktif karbon, gozenekli yap1, kuru adsorbanlar
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CHAPTER 1

INTRODUCTION

1.1. Motivation for the Study

Greenhouse effect is a natural phenomenon; however, excessive release of
various harmful gases into the atmosphere by humans results in an
uncontrollable increase in the average temperature of the world. Water vapor,
carbon dioxide, methane and nitrous gases are some examples of the greenhouse
gases causing greenhouse effect and thus global warming. Among these gases
carbon dioxide (CO;) which is mostly produced by the use of C-based fuels,
making significant contribution to this effect. There are some important
precautions that can be taken to reduce CO; emissions; (i) improvement of
energy efficiency, (ii) preventing deforestation, (iii) giving priority to new
energy production technologies, (iv) using non-carbon energy sources, and (V)

developing carbon capture and storage technologies.

Among all these precautions, CO,/carbon capture and storage technology is one
of the most promising and well-accepted one in recent years. Solid adsorbents
with highly porous structures such as zeolites and activated carbon are great
candidates to implement this technology. There is an increasing attention toward
using these adsorbents in CO, capturing as well as enhancing their adsorbing
and storing capabilities. This can be achieved either by modifying their surface
chemistry in a way to attract more CO, or by decorating them with metal oxide
nanoparticles. The second approach is particularly intriguing as it embodies the
unique advantages of nanoparticles such as having high surface to volume ratio.

Implanting these particles onto the support surface lead to increase in the surface
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area where more gas molecules can be adsorbed. In addition, the nanoparticles
with chemical characteristics which provide selectivity toward specific gas
molecules are suggested to result significant improvement in the adsorption

properties of these supports.

The use of copper oxide nanoparticles in metal oxide-support hybrid system is a
very promising approach due to their basic character that selectively attract
acidic CO, and being cost-effective. The synthesis of copper oxide (CuO and
Cu,O) nanoparticles on zeolite surface has been successfully achieved.’™
However, CO, adsorbing capabilities of this system has not been discussed. In
another report, both preparation of copper oxide film on activated carbon surface
and the CO, adsorption properties of this hybrid system have been discussed.*
However, to best of our knowledge, CO, adsorption properties of copper oxide
particles in nanoscale loaded on activated carbon or zeolite supports have not

been reported, yet.

This thesis study focuses on synthesis of copper oxide (CuO and Cu,0)
nanoparticles on zeolite and activated carbon surfaces as well as the

investigation of their CO, adsorbing properties.

1.2.Global Warming and Low Carbon Economy

Generation of greenhouse gases resulting from human activities is becoming an
important concern all over the world. Greenhouse gases trap some of the heat
coming from the sun and make an important contribution to the greenhouse
effect. Greenhouse effect is a natural process in which methane, carbon dioxide,
water vapor, and other greenhouse gases absorb the beam reflecting from the

surface and it causes increase in Earth’s tempera‘cure.5



The certain greenhouse gases contributing to global warming in the atmosphere
are water vapor (H,0), methane (CH,) nitrous oxide (N20), fluorinated gases (F-
gases), and carbon dioxide (CO-).° Water vapor is the most abundant greenhouse
gas in the atmosphere. Increases in the amount of water vapor in the atmosphere
causes the formation of clouds and it acts as a feedback mechanism to the
climate change. CHy is the second prevalent greenhouse gases in the atmosphere
and it is a hydrocarbon gas produced both petroleum systems and human
activities.” N,O is one of the most powerful greenhouse gases generated by
usage of synthetic fertilizer, burning of fuels, and as a byproduct of nitric acid.’
Fluorinated gases have no natural sources. Only human-related activities causes
the formation of fluorinated gases that includes hydrofluorocarbons (HFCs),
perfluorocarbons (PFCs), sulfur hexafluoride (SFg), and nitrogen trifluoride
(NF3).® CO; is the primary greenhouse gas resulted from human activities and

natural processes.

At the global scale, the percentages of the emission of greenhouse gases into the
atmosphere are given in Figure 1.1. The percentage of CO, emission into the
atmosphere is assumed that CO, has the greatest impact on greenhouse effect

compared to other greenhouse gases.



Figure 1.1. Global greenhouse gas emissions. Adapted from reference 9.

The carbon suppliers in the atmosphere, soils, oceans and rocks are related to a
complex natural biochemical process called carbon cycle.’® CO, is naturally
present in the atmosphere as a part of carbon cycle. Natural sources, human
activities, and burning of fossil fuels altering the carbon cycle by adding or
consuming CO,.** Respiration and volcano eruption can be given as examples of
natural sources of CO,. Human activities such as deforestation are attributed to
CO, emission as well as natural sources. However; the major contribution to the
amount of emitted CO, to the atmosphere comes from the combustion of fossil
fuels like coal, coke, and natural gas.*? Beside the burning of fossil fuels, the
fermentation of carbohydrate materials and production of cement and lime also

make the quantity of CO, in the atmosphere increase.™®

Figure 1.2 shows the proportion of CO, emitted by the various sectors of the

global economy. On the right side, indirect emissions are shown and direct

emissions are shown on the left side. It is estimated from the graph that

thermoelectric power plants (combustion of fossil fuels for heat and electricity

production), industrial plants (steel industry), and AFOLU (agriculture, forestry,
4



and other land use) are the major sources of CO, emission into the atmosphere.**

Furthermore; transportation, other energy, and building-related emissions make

contribution to emitted CO.,.

= Energy
= Industry
= Transport
.. = Buildings
m Electricity and «  Aericulture
heat / fohrest:ry, and other
AFOLU land use
® Buildings
Transport
m Industry
B Other Energy

Figure 1.2. CO; gas emission by economic sectors Adapted from reference 15.

The CO; level on the atmosphere have increased by over 30% compared to pre-
industrial levels.’® Intergovernmental Panel on Climate Change (IPCC)
estimates that the atmosphere will contain more than 700 ppm (v) carbon

dioxide in the year 2100 and present concentration of CO, is approximately 400
ppm(v). '



Figure 1.3. Long-run CO2 concentrations and temperature increase: Baseline,
1980-2100. Adapted from reference 15.

Organization for Economic Co-operation and Development (OECD) estimates
that a CO, concentration of 450 ppm would result in a global temperature rise of
2 degrees Celsius (°C) above pre-industrial levels by 2100 (Figure 1.3).
Surpassing the temperature rise above 2 °C would cause altering precipitation
patterns, ice fields melting, and rising of see levels. These consequences drug the
Earth into a bad situation. Life on Earth is endangered. Therefore; removal of
excess CO, is important. Because of these global concerns, strict global
regulations about CO, emission have been implemented. Awareness of
greenhouse gas emission and contribution of these gases (especially CO,) to the

greenhouse effect has been gained via the Kyoto Protocol.

According to this
protocol, industrialized countries that have responsibilities for the high level of
greenhouse gases into the atmosphere have to limit their emitted greenhouse
gases. A variety of industries have to obey these regulations. Because of that
obligation, some approaches have been developed to reduce anthropogenic CO,
emission. Use of fuels with low carbon content, nuclear energy, renewable
energy sources, and capturing and storing CO, are the ways to lower emitted
CO, amount.’® However; due to the economic concerns, carbon capture and

storage have gained a great interest for long term technology policies.®



CO; is generally used in beverages to carbonate soft drinks and soda waters,
neutralization of alkaline waste water produced by iron-steel, dyeing, textile, and
paper industry, welding as CO, laser, chemical industry to produce urea,
methanol, soda ash etc., freezing of food products, and oil recovery from oil

wells 192

1.3.CO; Capture and Storage Technology (CCS)

The rise in Earth’s temperature is mostly result of increasing the concentration
of CO, commonly emitted by burning of fossil fuels.?> The majority of the
worlds’ energy need is provided by fossil fuel power plants involving coal, oil,
and gas.® Carbon capture and storage is widely used technique for limiting the
emitted CO, which is the primary greenhouse gas changing global climate from
the fossil fuel power plants.® The summary of basic CCS concept is given in
Figure 1.4. Generated CO; by combustion of fossil fuels (coal, natural gas, and
oil) is captured in the first step, then, storage and transportation of captured CO,

are carried out.

CO, Transportation
' <
Gas |

Figure 1.4. Concept of CO, Capture and Storage Technology. Adapted from
reference 23.
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Generation of power from carbon based fuel (petroleum, natural gas, and coal) is
a chemical process derived from the oxidation of carbon to CO,.*
Unfortunately, production of CO; is inevitable. Emission of CO; can be reduced
by CCS technologies commonly classified as pre-combustion, oxy-fuel
combustion, and post-combustion systems depending on the concentration of

CO in gas stream and type of fuel.™

1.3.1. Pre-combustion

Pre-combustion capture includes decarbonation of gasified fuel (coal, natural gas
or biomass) to produce hydrogen and carbon monoxide.”® Fuel (C-source) is
reacted with oxygen (or air) or oxygen and steam (H,O) and hydrogen and
carbon monoxide are the major components of product. Carbon monoxide reacts
with steam in a catalytic reactor to form CO; and hydrogen, and finally CO; is
separated from this mixture."* This technology is called “Integrated Gasification
Combined Cycle” (IGCC) process and the reactions for the IGCC process are as

given below?*:

(1) 2C+0,+H,O—->H,+CO +CO,
(2) C+H,0—- H,+CO
(3) CO + H,O — CO,+ Hsy

Pre-combustion capture requires lower energy for CO, capture and it has a great
potential for future use.’® However; pre-combustion capture is a costly process
for generating facilities.™*



1.3.2. Oxy-fuel Combustion

Oxy-fuel Combustion is considered as one of the very a promising technology
for capturing CO,. Instead of air, pure oxygen that is obtained from the
separation of air is used for the combustion of fuels and the fuel is burnt by this
high purity oxygen to form CO, and water vapor.?® The water can be removed
by condensation and CO; can be separated easily. Even though this technique
provide some cost benefits for capturing CO,, separating oxygen from the air
cause significant increase of the cost. Moreover, oxy-fuel combustion has some
limitations such as the requirement of using construction materials which are

resistant to high temperatures.”

1.3.3 Post-combustion

Post-combustion capture is a widely used process to remove CO, from the
combustion of fuels before their emission to the atmosphere.'® Removal of CO,
from fossil fuel power plants is demonstrated in Figure 1.5. Air (21% O,- 79%
N.) is used for combustion process in power plants and flue gas at atmospheric
pressure is generated.’ In post-combustion capture, produced flue gas contains
CO, with a low pressure (approximately 1 bar) and low CO, content (3-20%) at
high temperatures (120-180 °C).%®



Power CO, to storage

H H

Fuel —— Power CcO,
generation |—— separation Exhaust to
Air : unit unit atmosphere

Figure 1.5. Principle of post-combustion CO, capture. Adapted from
references 27-29.

There are several methods for capturing CO; by post-combustion technologies:

30-32 35-37
i)

wet absorption®*>?, membrane-based separation®***, dry adsorption and

38,39

cryogenics™ > as summarized in Figure 1.6.

» Chemical - » Chemical » Organic » Chemical
absorption | | adsorption membrane looping
Amines *  Metal *  Polysulphone
Caustics oxides «  Polyamide » CO,

* Cellulose hydrate

# Physical » Physical dericatives
absorption adsorption % Flectro-

* Selexol * Zeolite » Inorganic chemical
Restisol . C.arbom membrane pump

SZ/AlgdS s Metallic
s Ceramics » Microbial/
Algae
» Enzymatic
membrane

Figure 1.6. Classification of application technologies for post-combustion
capture of CO,. Adapted from reference 14.
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i) Absorption method: The method include both chemical and physical
absorption processes and is a widely used to capture CO,. The method based on
the reaction of the CO, and solvent (the aqueous solution of amines).***
Absorption process has some limitations such as high regeneration cost of

solvent, corrosion, implementation of gas-liquid contacting devices, etc.’

i) Membrane-based separation method: This method is generally used for
capturing high concentration of CO, from gas stream that has mainly CO, and
CH, gases.** Membranes have semi-permeable structures acting as a filter to
separate substances by solution-diffusion, adsorption-diffusion, and ionic
transport.’! Membrane process has simple molecular system and has no
regeneration energy required. However, there are many disadvantages over
membrane process. For instance, high degrees of separation cannot be achieved,
recycling process comprise multiple stages, and membranes display sensitivity

to sulphur compounds.**

iii) Cryogenic distillation: It is a novel technique for post combustion of CO,
and it has been used for years to separate air into its primary components.** In
cryogenic system, physical separation of CO, from other gas stream is done on
the basis on sublimation.*> Removing trace water from feed causes high cost in
CO, capture and the phase behavior of CO, bring about the formation of solid

plugging the equipment.*°

iv) Adsorption: The method is based on the attachment of gas molecules onto a
solid surface.®** The adsorption quality is affected by the properties of adsorbate
(polarity, size, and molecular weight of gas molecules) and the solid surface
(pore size and polarity).® The adsorption process has several advantages®:

11



1- Energy requirement for adsorption process is low
2- Itis easy to apply in large scale

3- Low cost

CO, capture by solid adsorbents is accepted as one of the most promising
technology.** CO, capturing process by using dry adsorbents is a selective
separation that relies on gas-solid interactions.*” Adsorption of CO, on
microporous solid surface (i.e. zeolite and activated carbon) that have pores
which have diameter close to the gas molecules’ size, occurs strongly.*®*° The
dry adsorbents such as activated carbon (carbonaceous dry adsorbent) and
zeolite (non-carbonaceous dry adsorbent) are extensively used in packed
columns in adsorption process due to their ease of applicability.® The important
parameters in dry adsorption process are temperature and pressure of gas

mixture, pore size of adsorbent, and surface tension of solid surface.™

Activated carbon is a widespread adsorbent used in industrial and technological
process.™ It has high adsorption capacity at ambient temperature and removal of
moisture is not required due to the hydrophobic properties of activated carbon.*
Activated carbon includes holes varying from micropore to macropore (Figure
1.7).% Even though these holes have zero-electron density, they possess intense
van der Waals forces responsible for the adsorption process.>® Activated carbon
can be synthesized by using carbon-based materials such as coconut, wood, or

coal .
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Figure 1.7. The structure of activated carbon.

The porous structure is obtained by activation processes. The activation process
is applied by physically and chemically. Carbon atoms can be removed by
physical (thermal) activation via carbon dioxide and water vapor at higher
temperatures in order to obtain porous structure. Selective removal of carbon
atoms is not successfully achieved during physical adsorption. Therefore,
chemical adsorption is applied by using acids, bases, and salts to improve the
yield of carbonization.>® It includes heteroatoms (oxygen, hydroxyl and carbonyl
group etc.) on their surfaces (Figure 1.8). The heteroatoms on the surface are
present in form of acidic, basic, and neutral functional groups.® These
functional groups can exist in carbonate form as a result of CO, adsorption.
Aromatic rings have delocalized 1 electrons that contribute the basicity of
sorbent.®® Increase in basic character results in easier adsorption of CO, that
have soft acidic character on surface.
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Figure 1.8. Surface chemistry of activated carbon. Adapted from reference 57.

Many studies have been conducted for activated carbon as a gas sorbent. CO,
and N separation by activated carbon for the fixed-bed adsorption at different

1.8 A parametric analysis (radius of

temperatures was reported by Dantas et a
bed, gas temperature, heat transferred) for adsorption of CO by activated carbon
was carried by Saxena et al.® Adsorption capacity of chemically modified
activated carbon improved by using acid, air oxidation, alkali impregnation, and
heat treatment with He were studied by Caglayan et al.*® Capturing of CO, by
activated carbon prepared from biomass (gelatin and starch) was performed by

Chen et al.®

Another very commonly used dry adsorbent is Zeolites and they are the largest
group of oxide molecular sieves.®® Zeolite has crystalline aluminosilicate
framework structure containing cavities, pores, and channels for hosting ions
and water molecules. (Figure 1.9) Cavities are polyhedral units that contain
windows for passing of molecules in and out of cavity. Channels in the zeolite

structure allow molecules to diffuse inside the pores.®? Crystalline structure of
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zeolites is formed by TO, (T=Si or Al) (Figure 1.9).®® Si/Al ratio is 2.3 for
Zeolite NaY.®? Due to the porous structure of zeolite, it is widely used for
separating and purifying gas molecules, in ion exchange, and in catalysis
applications.®’ Separation of gas molecules is done by the help of the
electrostatic interactions between CO, and alkali-metal cations in zeolite
structure.® For instance, in a study conducted by Deng et al., the adsorption of
S0O,, NO, CO; and Ny gases at different temperatures by synthetic zeolite 13X
and 5A have been reported. The amount of gases in decreasing order was
reported as SO, > CO, > NO > N; based on their adsorption isotherms. ® In
another study, Chen et. al. reported that 13X zeolite have been synthesized by
the hydrothermal treatment without adding extra silica and alumina sources by
using bentonite. It was observed that CO, adsorption capacity of the zeolite

increased significantly.®®

Sodalite Cage

Supercage

Figure 1.9. The crystalline structure of zeolite. Adapted from reference 67,68.
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There are also some studies have been performed to increase CO; gas adsorption
capabilities of dry adsorbents by implanting some metal structures and/or
modifying their surface chemistry. For example, Smykowski et al. reported CO,
adsorption on faujasite zeolite with the presence of Ir4 clusters in the zeolite
pores.®® Another study for capturing CO; in low pressure is done by using both
acidic and copper-exchanged SSZ-13 zeolite by Lobo et al. In this study, beside
CO,, N, adsorption has also been studied.”” Moreover, LeVan et al. performed
CO, adsorption performance on alkali metal cation (Li*, K*, Rb*, and Cs")
exchanged zeolite NaY (Nasg (AlO2)s6 (Si02)136 . NH,0) and NaX (Nags (AlO:)ge
(Si02)106 . NH20) . They reported that the CO, adsorption capacity increased for
NaY zeolite in the order of Cs< Rb= K< Li= Na whereas the one on NaX zeolite

increased as Cs< Rb< K< Na< Li.%

The use of metal oxides has also been studied as very promising alternative to
dry adsorbents (i.e. zeolites and active carbon) since they have the advantage of
providing selective adsorption of gas molecules. For instance, the presence of
metal oxides as basic species in the medium causes preferential adhesion of CO;
onto the metal oxide surface. They also adsorb CO, both chemically and
physically. Chemical adsorption lead to the formation of metal carbonate and

L 72 stydies have

this provide an advantage of CO, storage more effectively.
been conducted on CO, adsorption capacity of various metal oxides. For
instance, the CO, adsorption has been performed by using metal oxides such as
a-Cr,03 and MgO / TiO,."*™ Similarly, the CO, adsorption and desorption
properties of copper(l) oxide and copper(ll) oxide have been compared in a
study by Isahak et al. Adsorption of higher amount of CO, by copper(ll) oxide
has been observed in this study.” The systems which include metal oxides
synthesized on activated carbon the other porous adsorbent have also been
studied. For example, the adsorption behavior of nickel loaded activated carbon
towards CO; was studied by Park et al. Nickel electroless plating system which
is one of the post-oxidation method, was used for producing nickel oxide layer.”

In another study, Cu,O on porous carbon was prepared to capture CO,. Cu,O
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was formed by oxidizing electroplated copper film on the porous carbon
surface.”” The Cu,O particle layer on porous carbon was reported as a very

effective CO, adsorbing system.

The search for materials which has enhanced CO, adsorption capabilities lead
scientist to develop new systems where nanomaterials are actively used. Nano
materials having dimensions at the range of 1-100 nm have significantly high
surface / volume ratio.”® Therefore, it is expected to have increase in the amount
of CO, adsorption with the use of appropriate materials (i.e. metal oxides) in
nano-scale. The utility of various types of metal oxides nanoparticles have been
investigated in CO, adsorption applications up to date. For instance, the
adsorption ability of TiO,, Fe,O3 and Al,O3 nanoparticles has been studied by
Baltrusaitis et al.” Similarly, a study by Cox et al. has demonstrated improved
adsorption of CO, gas on a-Cr,O3 crystals.”® The comparison of adsorption
capacity of MgO/TiO, mixed oxide nanoparticles and MgO or TiO;
nanoparticles separately was done by Lee et al. and they recorded that
MgO/TiO, mixed oxide nanoparticles have better adsorption capacity than pure
MgO or TiO,.%

Another route to obtain enhanced gas adsorption is to design hybrid systems
where both nanomaterials and dry adsorbents are used. This has been accepted
as a very promising alternative in gas adsorption technologies. Because dry
adsorbents such as active carbon and zeolite, are very stable materials to host
metal oxide nanoparticles for gas adsorption applications.®* Also, existence of
these particles on their surfaces contribute to the increase in surface area for
adsorbing more gas molecules selectively. For example, Othman Ali et al. has
reported that capturing of NO gas has been achieved by copper nanoparticles
synthesized within the ZSM-5 zeolite and CuO nanoparticles formed on the

zeolite external surface.’
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The use of copper oxide nanoparticles in such hybrid system is one of the most
promising way for improving gas adsorption capabilities of adsorbents such as
active carbon and zeolites.’? Copper oxide nanoparticles would contribute
important advantages to the system such as having high adsorption performance
at room temperature, more effective storage of CO, as a result of chemical
interaction between copper oxide and CO, and requirement of low temperatures

to desorb CO, for further use, and being cost effective.

The nanoparticles of copper oxide which are in two different oxidation state
(copper(l) and copper(ll)) can be used for CO, adsorption application.
Copper(ll) oxide (CuQ) is p-type semiconductor and have excellent optical,
electronical, physical, and magnetic properties.®® It has narrow band gap with 1.2
eV and has monoclinic crystal system. ® (Figure 1.10.a) Because of low cost
production, nontoxic nature, good electronical and optical structure, CuO gets a
great attention in some applications such as electrochemical cells, optoelectronic
devices, catalysis, gas sensors besides CO, adsorption.®? Copper(1l) oxide (Cu,0)
is p-type semiconductor and has cubic crystal system.! Its band gap is 2.2 eV.*°
Cu,O has growing interest for applications in magnetic devices®™, solar

systems®’, and catalysis® (Figure 1.10.b)
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Figure 1.10. Cubic and monoclinic crystal structure of the copper oxide
(@) Cu0, (b) CuO. Gray: copper atoms, red: oxygen atoms. Adapted from

reference 89.

Copper oxide nanoparticles with basic nature attract acidic CO, molecules in the
medium. This leads to both physical and chemical interaction between them. As
a result of chemical interaction copper carbonate formation occur similar to the

other metal oxides discussed above. -2

This provide easy storage and
transformation of CO, and lead to potential use of copper oxides as a
commercial product. "* The advantage of copper oxides over other metal oxides
for this application is the requirement of lower temperatures for both adsorption
and desorption of CO, with the use of copper oxides. For instance, recent studies
showed that calcium oxide and magnesium oxide are good at adsorbing CO, at
823 K and 423-673 K, respectively.®*** Moreover, decomposition of calcium
carbonate and magnesium carbonate requires high energy (AH values for CaCOj3
and MgCO; are +178.5 kj mol™ and +118 kj mol™, respectively) and it increases
cost.” On the other hand, CO, adsorption on copper oxide surfaces can be
achieved at room temperature and desorption of it as a result of copper carbonate

can happen at ca. 583 K (AH values for CuCOj3 +45.5 kj mol™).”
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The fabrication of a CO;, adsorbing hybrid system with copper oxide
nanoparticles firstly requires synthesis of these particles on support surfaces.
There are some literature reports where Cu,O and CuO nanoparticles have been
synthesized on various support surfaces."*#*% For instance, copper(l) and
copper(ll) oxide nanoparticles have been successfully synthesized on zeolite
surface.2** Copper oxide nanoparticle have loaded on activated carbon by sol-
gel method for methylene blue adsorption.’* CuO nanoparticle have been
synthesis on activated multi-walled carbon nanotube for usage in super capacitor
electrodes.”®* However, to best of our knowledge, there is no study reported on
CO, adsorption on copper oxide nanoparticle encapsulated zeolites. On the other
hand, there is one report discussing CO, adsorption on Cu,O particle-porous
carbon system.”” Copper oxides were formed by post oxidation of copper which

was electroplated on porous carbon surface.

In this thesis study, CO, adsorption on copper oxide (Cu,O and CuO)
nanoparticle decorated zeolite and activated carbon have been investigated.
Enhancements in CO; adsorption upon addition of copper oxide nanoparticles on
the support surfaces have been observed. The following sections of the thesis
present experimental details of this investigation and discussion on findings

obtained throughout the study.
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CHAPTER 2

EXPERIMENTAL

2.1. Materials

Copper(Il) chloride (CuCl,), sodium hydroxide (NaOH), sodium chloride
(NaCl), and sodium Y zeolite were purchased from Sigma Aldrich. Charcoal
activated (activated carbon), sodium borohydride (NaBH,) (98%), and nitric acid
(HNO3) (65%) were purchased from Merck. Deionized water was obtained by
water purification system (PURELAB Option-Q, ELGA). All glassware and
magnetic bars were cleaned with ethanol and distilled water and dried in an oven
at 90 °C.

2.2. Carbon dioxide Adsorption by Copper Oxide Nanoparticles Decorated
Supports

In this study, synthesis of copper oxides (Cu,O and CuQO) nanoparticles were
achieved on two different supports (zeolite and activated carbon). CO,
adsorption study was performed on copper oxide nanoparticle loaded supports.
The study includes three main steps: i) pretreatment of supports, ii) synthesis of
copper oxide nanoparticles on support surfaces, and iii) adsorption of CO, by
copper oxide nanoparticle decorated supports. In the following sections,
experimental details of steps for synthesis and characterization of copper oxide
nanoparticles on support surfaces, and finally carbon dioxide adsorption studies
are described.
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2.2.1. Synthesis of Copper Oxide Nanoparticles on Zeolite Surface
2.2.1.1. Pretreatment of Zeolites

500 mg Zeolite-Y was slurried with 58.44 mg, 100 mM NacCl solution for 4 hour
to remove cation sites. Slurry was washed with deionized water until the surface
is free of chloride and calcined under oxygen gas at 300 °C for 12 hour in a

furnace. Pretreated molecular sieves were stored under argon atmosphere.*

2.2.1.2. Synthesis of Cu,O Nanoparticles on Zeolite Surface

Synthesis of zeolite framework stabilized copper(l) oxide nanoparticles was
done by precipitation method.! Four step procedure was followed: (i) ion
exchange of copper(ll) chloride into the super cages of Zeolite-Y, (ii) reduction
of copper ions with NaBHg, (iii) calcination, (iv) oxidation by oxygen at room
temperature. First, 268.9 mg CuCl, was dispersed in 20 mL water. 500 mg
pretreated Zeolite-Y was added to this solution and mixed for 72 hour at room
temperature. Slurry was washed three times with 20 mL distilled water and
separated by centrifuging. Remnant was dried under vacuum at 90 °C. Then 1.37
M, 100 ml NaBH, was added to Cu-exchanged zeolite to reduce Cu(ll) ions to
Cu(0) in the reaction below:

BH4_(aq) + 3H20(aq) — B(OH)S(aq) + 7H+(aq) + 89_

Cu2+(aq) + 29_ — Cuo(aq)

The overall reaction:
BH4 (ag) + 3H20(aq) + 4CU2+(aq) — B(OH)3(ag) + 7TH" (ag) + 4 CU’ag)

Mixing was continued for two minutes to let all hydrogen gas be removed.

Brown precipitate formation was observed. The precipitate was separated by
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centrifuging and washed with 20 mL distilled water. Next, the remnant was
dehydrated in oven for 4 hours at 300 °C under vacuum. Finally, Copper(0)
nanoparticles were oxidized by O, flow to obtain Cu,O nanoparticles. The
zeolite encapsulated Cu,O nanoparticles were stored under argon atmosphere

until further use.

2.2.1.3. Synthesis of CuO Nanoparticles on Zeolite Surface

Synthesis of zeolite stabilized CuO nanoparticles was synthesized by
precipitation method. Three step procedure was followed; (i) implanting
copper(ll) ions into the super cages of Zeolite-Y by ion exchange (ii)
precipitation of copper ions with sodium hydroxide (iii) calcination.* In the first
step, 0.1 M (268.9 mg CuCl; in 20 mL water) CuCl; solution and 500 mg
Zeolite-Y were mixed for 72 hour at room temperature with magnetic bar. Slurry
was washed three times with 20 mL distilled water and separated by
centrifuging. Remnant was dried in vacuum at 90 °C. Next, 20 mL of 0.1 M
NaOH was added to the Cu (Il) implanted zeolite to form Cu (OH),. After 2
hour reflux, black precipitate was formed. The solid was separated and washed
three times with 20 mL deionized water. In the final step, the product was
calcined at 350 °C for 4 hours leading to the formation of CuO nanoparticles on
zeolite surface.®® Then, zeolite encapsulated CuO nanoparticles were stored
under argon atmosphere.

2.2.2. Synthesis of Copper Oxide Nanoparticles on Activated Carbon

2.2.2.1. Acid Pretreatment of Activated Carbon

Acidic pretreatment was done for activated carbon to make the surface of

activated carbon more acidic. It increases the load of copper oxide nanoparticles

having basic character with the help of the acid-base interaction.
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5 g activated carbon was refluxed in 50 mL of 6 M HNOs for 1 hour at 80 °C.
Then, activated carbon was washed three times with 20 mL distilled water and
dried in oven for 2 hour at 60 °C under vacuum.® Finally, pretreated activated

carbon was stored under argon atmosphere.

2.2.2.2. Synthesis of Cu,O Nanoparticles on Activated Carbon

Synthesis of copper(l) oxide nanoparticles on activated carbon was done by
precipitation method as described in the synthesis on the zeolite surface.!
Similarly, four step procedures were followed: (i) introducing of copper(ll)
chloride into activated carbon, (ii) precipitation of copper ions with sodium
borohydride, (iii) calcination, and (iv) oxidation by oxygen at room temperature.
Firstly, 289 mg CuCl, in 20 mL water (0.1 M) and 1 g activated carbon were
mixed for 17 hour at room temperature. The slurry was filtered and washed three
times with 20 mL distilled water. Remnant was dried in vacuum at 90 °C. Next,
100 mL of 0.933 M NaBH, was added to dry solid to reduce Cu?* ions to Cu (0).
Mixing was continued until no more hydrogen gas evolution happen. The solid
part was separated by centrifuging and washed with 20 mL distilled water. The
remnant was dehydrated in oven for 4 hours at 200 °C under vacuum. Finally,
copper(0) nanoparticles are oxidized by O, to form copper(l) oxide
nanoparticles. Activated carbon with Cu,O nanoparticles was stored under argon

atmosphere.

2.2.2.3. Synthesis of CuO Nanoparticles on Activated Carbon

Synthesis of CuO nanoparticles on activated carbon was also done by
precipitation method.® Similar to the synthesis on zeolites, here too, three step

procedure was followed: (i) Introducing copper(ll) chloride into activated
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carbon, (i) precipitation of copper ions with NaBHy, (iii) calcination. In the first
step, 289 mg CuCl; in 20 mL water (0.1 M) and 1 g activated carbon were
mixed for 17 hours at room temperature. Then, slurry was washed three times
with 20 mL distilled water and separated by centrifuging. Remnant was dried in
vacuum at 90 °C. Next, 20 mL of 0.1 M NaOH was added to the Cu(ll)
exchanged activated carbon to form Cu(OH),. After 2 hour reflux, black
precipitate was collected. The solid was separated and washed three times with
20 mL distilled water. The product was dried for 16 hour at 80 °C and finally
calcined at 350 °C for 4 hours. CuO nanoparticles loaded on activated carbon

were stored under argon atmosphere.

2.2.3. Carbon Dioxide Adsorption Studies

Qualitative analysis of CO, adsorption on Cu,O and CuO nanoparticles
decorated activated carbon and zeolite were performed by using a setup shown
in Figure 2.1. Before adsorption studies, copper oxide (Cu,O and CuO)
nanoparticle containing adsorbents (activated carbon and zeolite) were
degassed at 423 K for 2 hours. 0.5 g of solid adsorbent was used in each
experiment. Experiments were performed under gas mixture of 5 % CO, and
95 % N with flow rate of 10 mL/min. Before flowing CO, gas through the
samples, Ar gas was passed to make the atmosphere inside the glass column

inert. CO, was exposed on adsorbents surfaces for 2 hours.
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Figure 2.1. Schematic diagram of CO, adsorption set-up for qualitative analysis.

FTIR analysis for CO, gas, adsorbed CO, by supports (activated carbon and
zeolite) and supports with Cu,O and CuO nanoparticles were studied by the set-
up represents in Figure 2.2. Samples are degassed at 423 K for 2 hours. 0.3 g
adsorbents are used for each set. Experiments were performed under gas mixture
of 5 % CO; and 95 % N, with flow rate of 1 mL/min. CO; and N, gas mixture
was used as references. After passing the mixture through the gas cell for each
set, pure N, gas with flow rate 1 mL/min was used for cleaning the gas cell. The

FTIR spectrum was taken in every 5 minutes.
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Figure 2.2. Schematic diagram of CO, adsorption set-up for analysis of

adsorbed CO; via FTIR spectroscopy.

2.3. Transmission Electron Microscopy (TEM)

The morphologies of Cu,O and CuO nanoparticles on adsorbents (zeolite and
activated carbon) surfaces were investigated via JEM 2100F-RTEM analysis.
TEM sample preparation was performed by suspending copper oxide
nanoparticles containing support powders in ethanol. After the suspension was
stirred in an ultrasonic bath, an aliquot was dropped onto copper grid. It was

waited for overnight to dry.
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2.4. Scanning Electron Microscopy (SEM)

QUANTA 400F Field Emission SEM instrument was also used for

characterization of nanoparticles on support surfaces.

2.5. X-Ray Diffraction (XRD)

The crystallinity of both nanoparticle containing adsorbents and bare-adsorbents
were analyzed by using Rigaku MiniFlex X-ray Diffractometer with X-ray
radiation source Cu Ka. 28 diffraction angle from 10° to 80° with a scan speed 1

°/min. 0.2 g sample was used in each analysis.

2.6. X-Ray Photoelectron Spectroscopy (XPS)

The surface analysis of activated carbon, zeolite, and copper loaded adsorbents
were performed on ESCA-XPS with monochromatic Al Ka radiation, 27.1 W,
58.70 eV, and 45.0 °. C1s of 284.5 eV was taken as a reference.

2.7. Fourier Transform Infrared (FTIR) Spectroscopy
Copper oxide nanoparticles on supports and carbonate formation after CO,
treatment were characterized by Nicolet 6700 FTIR instrument with IR source

and MCT/A detector. IR pellets were prepared by dispersing 2 % (by weight) of

activated carbon and 5 % (by weight) zeolite based samples in KBr matrix.
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2.8. Thermo gravimetric Analysis (TGA)

Thermo gravimetric analyses for activated carbon and zeolite were conducted on
Perkin Elmer Pyris 1 TGA equipment. 5+0.2 mg of each sample was used in
each analysis. All TGA samples were waited at 323 K for 5 min to minimize
difference in moisture content between all samples. Then, all samples were
heated up to 973 K at a rate of 278 K/min with a nitrogen flow rate of 20
mL/min.

2.9. Brunauer-Emmett-Teller Analysis (BET)
Physical surface analysis was performed with Quantachrome Coporation,
Autosorb-6 BET instrument. Surface area and micropore volume micropore area

were calculated from the adsorption isotherms. Samples were dehydrated at 623

K for 6 hours before each analysis.
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CHAPTER 3

RESULTS & DISCUSSION

3.1. Synthesis and Characterization of Copper(l) Oxide (Cu,0O)

Nanoparticles on Activated Carbon and Zeolite Surfaces

The synthesis of Cu,O nanoparticles on zeolite and activated carbon surfaces
were achieved with a precipitation method as described in literature.?* ! The
first step of the method involve introduction of Cu®* ions on pretreated support
surface via ion exchange. Then reduction of Cu?* to copper(0) and was done by
NaBH,; to form copper(0) particles. Finally copper(0) nanoparticles were
oxidized by O, treatment to form copper(l) oxide (Cu,O) nanoparticles.

Figure 3.1 shows the SEM images of bare activated carbon support and Cu,O
nanoparticles synthesized on this support. The SEM images demonstrate Cu,O
nanoparticles are well dispersed on activated carbon surface. Agglomeration
were not observed. The avarage sizes of Cu,O nanoparticles on activated carbon
surfaces are 45 + 5 nm with spherical-like shape. Figure 3.1.f shows the EDX
spectrum of Cu,O nanoparticles on activated carbon surfaces, suggesting the
presence of copper and oxygen in the sample.
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Figure 3.1. (a) SEM image of activated carbon, (b-d) SEM images of Cu,O

nanoparticles on activated carbon at different magnification, (e) back-scattered
SEM images of Cu,O nanoparticles on activated carbon (f) EDX of Cu,O
nanoparticles on activated carbon. (Wt % :C (81.84), O (12.65), Cu (5.50)).

SEM images of Cu,O nanoparticles synthesized on zeolite surfaces and bare
zeolites are demonstrated in Figure 3.2. The avarage sizes of Cu,O nanoparticles on
zeolite surfaces are 45 + 5 nm with spherical-like morphology. Eventhough the
dispertion of nanoparticles on zeolite surface is mostly well, some agglomeration of
the nanoparticles was also observed. The EDX analysis of Cu,O nanoparticles on
zeolite surface suggests the presence of copper oxide nanoparticles on zeolite
surfaces (Figure 3.2.f). The observed Na, Al, and Si peaks belong to the zeolite.
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Figure 3.2. (a) SEM images of zeolite (b-d) SEM images of Cu,O nanoparticles
on zeolite surface at different magnification, (e) back scattered SEM image of
Cu,0 nanoparticles on zeolite (f) EDX of Cu,O nanoparticles on zeolite surface
(Wt % :0 (41.69), Na (9.65), Al (9.62), Si (28.85), Cu (10.20)).

TEM analysis was performed to better analyze the morphology of nanoparticles
and their dispersion on the support surface. The TEM images of zeolite and
copper(l) oxide on zeolite surfaces show that Cu,O nanoparticles have spherical-
like shape with average sizes of 45 + 5 nm. This observation agree with the one
in SEM analysis. (Figure 3.3) The TEM images also demonstrate that significant
amount of Cu,O nanoparticles are placed on zeolite surfaces in well dispersed

form.
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Figure 3.3. (@) TEM image of zeolite, (b)-(d) TEM images of Cu,O
nanoparticles within zeolite at different magnifications.

XRD study was performed to investigate the crystallinity of the prepared system.
Figure 3.4 shows the XRD patterns of activated carbon and Cu,O nanoparticles
on activated carbon. Comparison of these patterns shows no observable
difference and Cu,O signature peak which is expected to be at 36.5° * was not
observed in the XRD spectrum of the Cu,O nanoparticle-activated carbon
system. This is most likely due to existence of significantly lower amount of
Cu,0 nanoparticles on activated carbon surface compared to the one of activated
carbon as a host material. This might be because activated carbon surface can
not hold the copper ions efficiently in the initial step of the synthesis procedure,

thus the amount of nanoparticles synthesized on the surface decrease.
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Figure 3.4. XRD patterns of (a) activated carbon (AC) (b) Cu,O nanoparticles

(NPs) on activated carbon.

XRD pattern of zeolite and Cu,O nanoparticles on zeolite surface are given in
Figure 3.5. The presence of two peaks at 35.57° and 38.04° confirm the
formation of Cu,O nanoparticles on zeolite surface.”” Low intensity of these
peaks imply the low loading of the nanoparticles on zeolite surface similar to the
synthesis on activated carbon. Comparison of the XRD patterns shows that
crystalline form of zeolite support did not change after the Cu,O nanoparticles

synthesis on its surface.
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Figure 3.5. XRD patterns of (a) zeolite (b) Cu,O nanoparticles within zeolite.

XPS studies were performed for copper(l) oxide (Cu,O) nanoparticles loaded on
activated carbon and zeolite. (Appendix Figure A1-3) The full XPS spectra of
both hybrid systems are shown in Appendix Figure Al and A2. The each
spectrum demonstrates strong peaks of carbon and oxygen as well as the weak
ones of copper. The low intensity of copper peaks most likely because of the low
copper content on the support surface. (Figure A.1.c and A.2.c) Similar to the
observations in previous literature reports,®® here too, the detection of copper in
the pores of support was hampered since XPS is a surface characterization
technique. Even though the collected spectra did not provide enough clues to

estimate the oxidation state of copper, it was helpful to verify the presence of

copper in both hybrid systems.
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3.2. Synthesis and Characterization of Copper(ll) Oxide (CuO)

Nanoparticles on Activated Carbon and Zeolite Surfaces

CuO nanoparticles were synthesized by precipitation method as described in
literature.»®*3* Briefly, mixing copper precursor and supports (activated carbon
or zeolite) was followed by the addition of NaOH to form Cu(OH)s,.
Dehydration of the precipitate resulted in the formation of CuO nanoparticles on

supports’ surface.

SEM images of activated carbon and CuO nanoparticles on activated carbon are
shown on Figure 3.6. The SEM analysis demonstrate that the CuO nanoparticles
are well dispersed and did not agglomarate on activated carbon surface. The
CuO nanoparticles have the average sizes of 60 £ 5 nm and needle-like
morphologies. The EDX spectrum shows copper peaks suggesting the existence

of copper nanoparticles on activated carbon surface. (Figure 3.6. f)
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Figure 3.6. (a-d) SEM images of CuO nanoparticles on activated carbon at
different magnification, (e) back-scattered SEM images of CuO nanoparticles on
activated carbon (f) EDX of CuO nanoparticles on activated carbon
(Wt % :C (88.64, O (9.15), Cu (2.20)).

CuO nanoparticles synthesized on zeolite surface have spiky morphologies.
(Figure 3.7) The SEM analysis show that the CuO nanoparticles present on
zeolite surface in well dispersed fashion. EDX spectrum show peaks verifying
the existence of CuO nanoparticles on zeolite surface as well as the ones of

zeolite. (Figure 3.7.1).
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Figure 3.7. (a) SEM images of zeolite, (b-e) SEM images of CuO nanoparticles
within zeolite at different magnification, (f) EDX of CuO nanoparticles within
zeolite (Wt % :O (40.41), Na (8.62), Al (9.73), Si (25.11), Cu (16.11)).

The TEM images of zeolite without and with CuO nanoparticles are given in
Figure 3.8. In Figure 3.8.a shows the zeolite structure which has hexagonal
shape and channels. TEM analysis demonstrate that CuO nanoparticles
assembled out from the zeolite surface irregularly to form spiky-like
structures.CuO nanoparticles constructing these assemblies have sizes of 10 + 5

nm
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Figure 3.8. (a) High resolution TEM image of zeolite, (b-d) TEM images

of CuO on zeolite surface at different magnifications.

XRD pattern of activated carbon and CuO loaded activated carbon are given in
Figure 3.9. The peak at 35.75° confirms the presence of CuO in the copper
oxide-activated carbon hybrid system. Similar to the XRD analysis of Cu,O on
supports, here too, no other CuO peak was observed. As it was explained in the
previous section, the most likely reason was considered as the inefficient loading
of copper ions on support surface and thus formation of fewer nanoparticles on
it. Comparison of the XRD spectrum of activated carbon supported Cu,O and
CuO nanoparticles suggest that CuO nanoparticle exist in higher amount on
support surface. This lead to relatively more clear observation of CuO peaks in
the detection limits of the XRD analysis.
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Figure 3.9. XRD patterns of (a) activated carbon (AC) (b) CuO nanoparticles (NPs)
on activated carbon.

XRD spectrum of zeolite and zeolite supported CuO nanoparticles are given in
Figure 3.10. As in the activated carbon system, one of the signature peak (at
35.48°) of CuO is clearly seen in the spectra of CuO nanoparticles synthesized
on zeolite surface, too. The low intensity of this peak suggest the existence of
low amount of CuO on zeolite. Observing the zeolite peaks (at 32.58°, 38.97°,
48.74%% in both spectrum unchanged show that the zeolite framework and its

crystalline nature remined after CuO synthesis on it.
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Figure 3.10. XRD patterns of (a) Zeolite and (b) CuO nanoparticles (NPs) on
zeolite surface.

The composition of CuO nanoparticles on zeolite hybrid system was examined
by XPS analysis. (Figure 3.11 and 3.12) The survey XPS spectrum suggests the
presence of copper on zeolite surface as well as the presence of Na, Si, Al, and O
which belong to zeolite structure. (Figure 3.11) No other contaminant species

were observed except C1s which is used as a reference.
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Figure 3.11. The XPS survey spectrum of zeolite with CuO.

A C1s spectrum is given in Figure 3.12. a. The spectrum shows a C 1s peak
position at 283.41 eV. This peak is shifted 1.19 eV toward lower binding energy
relative to the reference value for C1s is 284.6 eV. This is most likely because of
the matrix effect of Na-Zeolite Y. The Cls peak was used to calibrate the
collected spectra. A O1s spectrum is given in Figure 3.12. b. Two peaks were
observed at 530.8 eV and 528.3 eV with a difference 2.5 eV which is similar to
the reference value 2.1 eV.% The peak located at 528.3 eV indicates the O in
CuO. The other peak suggests the adsorbed O on CuO surface. The presence of
significant amount of copper oxide nanoparticle assembly on zeolite surface led
clear identification of copper oxide type by this technique. The XPS spectrum
shows sharper signals of copper for CuO-zeolite system compared to the one of
Cu,0 — zeolite/active carbon. (Figure 3.12.c) Cu 2py, and Cu 2ps, peaks are
observed at 952.1 eV and 932.2 eV, respectively. The binding energy difference
between two peaks is 19.9 eV. Cu 2p;; and Cu 2ps;, peaks have been previously

reported as 954.3 eV and 934.3 eV, respectively for as-synthesized CuO
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powders.*® The peak positions and the difference between them observed in this
thesis study agree well with the previously reported literature values. Therefore,
the presence of CuO nanoparticles on zeolite surface is suggested based on this
comparison. . Moreover, strong satellites peaks were observed in Cu2p core
level XPS spectrum. The first satellite peak located at 961 eV was appeared in
higher energy side of Cu 2py, (952.1 eV) and the difference was about 8.9 eV.
The other strong satellites were located between Cu 2p;, and Cu 2ps;, peaks.
These satellites peaks suggests the presence of CuO due to the having d°

configuration in ground state.'® %
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Figure 3.12. The XPS spectra of zeolite with CuO a) C1s, b) O1s c) Cu2p.
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Figure 3.12. The XPS spectra of zeolite with CuO a) C1s, b) Ols c) Cu2p.
(continued)

XPS analysis was also performed for CuO nanoparticle-active carbon system.
(Appendix Figure A.1) The XPS spectrum shows strong peaks of carbon and
oxygen, and weak ones of copper similar to the spectra of Cu,O nanoparticle-
zeolite/active carbon systems. (Figure A.2 and A.3) As it was noted in the
previous section, the reason for this observation is considered as the low amount
of copper nanoparticles on support surface. Therefore, clear identification of
copper oxidation state could not be done. On the other hand, observation of

copper signals proves the existence of copper on zeolite surface.
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3.3 Characterization of Surface Area and Pore VVolume of Activated Carbon

and Zeolite Supported Copper Oxide Nanoparticles

Nitrogen adsorption-desorption isotherms of activated carbon and copper oxide

nanoparticle loaded activated carbon are given in Figure 3.13 and all show Type
103

| shape that is a characteristic of microporous materials.
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Figure 3.13. Nitrogen adsorption-desorption isotherms of activated carbon (AC)
(square), Cu,O nanoparticles loaded activated carbon (sphere) and CuO

nanoparticles loaded activated carbon (triangle).

47



Table 3.1. Surface properties of activated carbon, activated carbon supported

Cu,0 and CuO nanoparticles

BET Surface area x 10°
(m?/g)
Activated Carbon 6.809
Cu,0O-Activated Carbon 6.526
CuO-Activated Carbon 6.436

Surface analyses by BET were performed to investigate surface area of activated
carbon and copper oxide loaded activated carbon. A decrease in surface area of
the activated carbon was observed in the presence of copper oxide nanoparticles
as expected. (Table 3.1) The area has changed from 6.809 x 10°> m?/g to 6.526 x
10 and 6.436 x 10? m?/g upon Cu,O and CuO loading on activated carbon,
respectively. No significant difference in surface area was observed between the
CuO and Cu,0 nanoparticles loaded activated carbon. This observation suggests
similar amount of coverage were achieved for both types of copper oxide
nanoparticles on the support surface. Pore volume investigation was not
performed for samples where activated carbon support used since it does not

have well-defined porous structure.*®

Figure 3.14 shows the nitrogen adsorption-desorption isotherms of zeolite and
copper oxide nanoparticles on zeolite. Similar to activated carbon, Type |
isotherm was observed for zeolite support, too. This verifies the microporous

nature of the studied materials.®
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Figure 3.14. Nitrogen adsorption-desorption isotherms of zeolite (square), Cu,0O

nanoparticles within zeolite (sphere), and CuO nanoparticles within zeolite

(triangle).

Table 3.2. Surface properties of zeolite, zeolite supported Cu,O and CuO

nanoparticles

BET Surface area (m°/g) Pore Volume
(cm/g)
Zeolite 750 0.269
CuO-Zeolite 734 0.265
Cu,0-Zeolite 695 0.249
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The pore volume and area of zeolite and copper oxide nanoparticle loaded
zeolite are given in Table 3.2. The decrease in surface area and micropore
volume in copper oxide containing zeolite compared to the one of bare zeolite
can be attributed to the encapsulation of copper oxide nanoparticles in zeolite
framework. The surface area of zeolite decrease from 750 m%g to 734 and 695
m?/g for CuO and Cu,O nanoparticle containing zeolites, respectively. This
decrease in zeolite surface area is resulted from copper oxide nanoparticle
coating on both pore and exterior surface of the support. The pore volume of
zeolite show slight decrease when CuO nanoparticles occupy its pores (from
0.269 to 0.265 cm®/g). On the other hand, this decrease is more significant when
Cu,O exist in the pores (from 0.269 to 0.249 cm®/g) indicating larger size of
Cu,0 nanoparticles compared to the ones of CuO nanoparticles encapsulated in
pores. This observation agrees well with the SEM and TEM analyses as
discussed previously.

3.4. Investigating CO, Adsorption-Desorption Properties of Copper Oxide
Nanoparticle Loaded Activated Carbon and Zeolite

CO, adsorption on surfaces can happen in two possible ways; physically and
chemically. In physical adsorption, CO, and surface are interacting with weak
intermolecular forces (i.e. van der Waals forces) and this interaction can be
easily broken by thermal application at moderate temperatures. On the other
hand, chemical adsorption (chemisorption) involves significantly stronger
interaction, covalent bonding, between the CO, and adsorbent surface and much
higher energy is needed to break this interaction.

CO; adsorption and desorption properties of copper oxide nanoparticles on two
different support materials (activated carbon and zeolite) were thoroughly
studied by taking physical and chemical adsorption of the gas molecules on both

copper oxide nanoparticles as well as the ones on support materials. The details
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of this investigation and discussion on findings are given in the following

sections.

3.4.1. Quantitative measurement of CO, adsorption by TGA

The amounts of CO, adsorbed on copper oxide nanoparticle — active
carbon/zeolite hybrid system were calculated by using TGA analysis. The way
of CO, adsorption (physical/chemical) on both nanoparticles and supports were

taken into consideration as the TGA data were examined.

It is important to emphasize the thermodynamic aspects of desorption of
chemically adsorbed CO, from copper oxide surface before discussing TGA
analysis results. As it was previously noted CuCOj3 formation occur as CO,
chemically adsorb on copper oxide nanoparticle. The two possible routes for the
decomposition of CuCO3; and thermodynamic data associate with each route are
summarized in Table 3.3. The temperatures given in the table represent the
decomposition temperatures of CuCOs calculated by using the indicated AH, AS
and AG values.” The thermodynamic data indicate the requirement of heat to
break the strong interaction between O=C=0 and copper oxide. The first route
involves decomposition of CuCOj3 into CuO and CO; with a AH value of +45.5
kJ/mol™ and can happen at temperatures as low as the room temperature.*® In the
second route, CuCO3 decompose into Cu,O, CO,, and O,. Enthalpy change
(+233 kJ/mol™) associate with this reaction is much higher compared to the one
of first route and the decomposition is spontaneous at higher temperatures (at
530 K or above). %

The experimental investigations show that higher temperatures are required for

complete decomposition of CuCOg3 even though the release of CO, can possibly

occur at much lower temperatures.” It has been reported that decomposition of

CuCOg3 occur at temperatures of 583 K or above and thus the chemically
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adsorbed CO start to desorb at this temperature.*® On the other hand, desorption
of physically adsorbed CO, start to occur at lower temperatures (ca. 340 K).*
Therefore, in this thesis study TGA analysis were performed at elevated
temperatures up to 973 K to monitor the release of both physically and
chemically adsorbed CO,.

Table 3.3. Thermodynamics of reactions involving desorption of CO,*

AH AS AG T
(kImol) | (@.mol/K2) | (kd/mol+) (K)

’ CuCO;, — Cu0, +CO,, +45.5 +169 49 | 2980

i) 2CuCO,, — Cu,0, + 2C0,,+1/20,, +233.0 +447.6 4.2 530.0

TGA curves for activated carbon, activated carbon with Cu,0, and activated
carbon with CuO after CO, adsorption are shown in Figure 3.15. The TGA
curves demonstrate that the physically adsorbed CO, start to desorb at 343 K
and the CuCOj3 (chemically adsorbed CO,) start to decompose at 583 K. It is
important to note that the observed decrease in mass is due to the CO, desorption

from surfaces of both copper oxide nanoparticles and active carbon.

The amounts of physically and chemically adsorbed CO, by activated carbon
and copper oxide nanoparticle decorated activated carbon calculated from this
analysis in terms of percent weight loss, mass and volume of desorbed CO, are
given in Table 3.4. The amounts of CO, physically adsorbed on activated
carbon, Cu,O and CuO nanoparticle loaded activated carbon are 0.091 mg, 0.059
mg and 0.253 mg, respectively. The decrease in the adsorbed amount on Cu,O

nanoparticle containing support compared to the bare support suggest that
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physical adsorption of the CO, on these nanoparticles is not favorable.
Therefore, existence of Cu,O nanoparticles on active carbon surface resulted in a
decrease in physically adsorbed CO, amount. On the other hand, the results
indicate that physical adsorption on CuO nanoparticles is more favorable and the
amount of physically adsorbed CO; increases with the existence of these
nanoparticles on the support surface.

The comparison of the amounts of chemically adsorbed CO, on activated carbon
(0.252 mg), Cu,0 and CuO nanoparticle containing active carbon (0.332 mg and
0.736 mg, respectively) show that chemisorption of CO, was increased with the
presence of copper oxide nanoparticles on activated carbon. Similar to the
physical adsorption results, here too, CuO nanoparticles increased the amount of
chemically adsorbed CO, more compared to the Cu,O nanoparticles. If both
physical and chemical adsorptions of CO, are considered, the existence of Cu,0
and CuO nanoparticles on activated carbon surface increased the CO; adsorption
capacity of activated carbon by 1.20 % and 13.1 %, respectively. The results
suggest that CuO nanoparticles represent higher physical and chemical
attractions towards CO, compared to Cu,O nanoparticles. In other words, CuO
nanoparticles are better sorbents than Cu,O nanoparticles. The reason for high
adsorption capacity of CuO nanoparticles can be considered as the high
electronegativity of CuO compared to Cu,0.?® This increases the attraction
between CuO and CO,, thus CO, adsorption.
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Figure 3.15. TGA curves for activated carbon (green line), activated carbon

with Cu,O nanoparticles (violet line), and activated carbon with CuO

nanoparticles (pink line).

Table 3.4. The amount of CO, adsorbed by physically and chemically on

activated carbon, activated carbon with Cu,O, and activated carbon with CuO.

Physically adsorbed CO, Chemically adsorbed CO,

mg % cm® mg % cm®
Activated 0.091 18 0.049 0.252 5.2 0.135
Carbon
Activated 0.059 12 0.032 0.332 7.1 0.178
Carbon-Cu,0
Activated 0.253 4.9 0.135 0.736 15.2 0.394
Carbon-CuO

*Density of CO, gas (1 atm 15 °C) is 1.87 kg/m®. (This value was used for the calculation of volume of CO;)
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Figure 3.16 shows TGA curves for zeolite and copper oxide nanoparticle loaded
zeolite after CO, adsorption. The region between 343 K and 583 K represent the
temperature range where the complete desorption of physically adsorbed CO,
from the surfaces occur. The slope change in the copper oxide-zeolite curve is
observed at around 425 K. This is most likely the temperature where desorption
of chemically adsorbed CO; starts. However, 583 K was used as a lower limit of
chemically adsorbed CO, release in CO, amount calculations to make sure there
is no contribution from physically adsorbed CO,. As it was noted before, the
amount of CO, released in this temperature range include the gas amounts
physically adsorbed on both zeolite and copper oxide nanoparticles. Therefore,
CO, desorption in the temperature range above 583 K represent the amount of
the gas released from chemical adsorption which happens mainly on copper

oxide nanoparticles.

Table 3.5 shows the amounts (in percent weight loss, mass and volume) of CO,
physically and chemically adsorbed on zeolite and copper oxide loaded zeolites.
The results show that physically adsorbed CO, amount increase when copper
oxide nanoparticles (0.902 mg for Cu,O and 0.903 mg for CuO) are loaded on
the zeolite surfaces (0.792 mg). Similar trend is observed when the amounts of
chemically adsorbed CO, are compared. As the 0.089 mg of CO; is adsorbed on
zeolites, the amount is significantly increased to 0.168 mg and 0.224 mg upon
Cu,0 and CuO nanoparticle loading, respectively. When total amounts of CO,
(both physically and chemically adsorbed) on surfaces are compared, Cu,O
nanoparticle existence on zeolite increase the CO, adsorption 3.6 % as this
amount increased 4.9 % with the CuO nanoparticle existence. These results
reveal that CuO nanoparticles are better sorbents than the Cu,O nanoparticles
similar to the observation in activated carbon system. This is most likely due to
higher electronegativity of CuO relative to Cu,O nanoparticles, leading to

stronger attraction for CO, toward CuO surfaces.*®
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Figure 3.16. TGA curves for zeolite (red line), zeolite with Cu,O nanoparticles

(purple line), and zeolite with CuO nanoparticles (orange line).

Table 3.5. The amount of CO, adsorbed by physically and chemically on
zeolite, zeolite with Cu,0, and zeolite with CuO.

Physically adsorbed CO, Chemically adsorbed CO,
mg % cm? mg % cm’
Zeolite 0.792 16.1 0.424 0.089 2.2 0.048
Zeolite- 0.902 17.8 0.482 0.168 4.0 0.090
Cu,O
Zeolite-CuO 0.903 17.8 0.483 0.224 5.3 0.120

*Density of CO, gas (1 atm 15 °C) is 1.87 kg/m®. (This value was used for the calculation of volume of CO,)
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3.4.2. Qualitative and Quantitative measurements of CO; adsorption by
FTIR

3.4.2.1. Qualitative measurements of CO, adsorption by FTIR

The FTIR spectra of bare supports (active carbon and zeolite), supports with
Cu,O nanoparticles, and supports with Cu,O nanoparticles after CO;
adsorption are given in Figure 3.17. The spectra given are single beam and not
background corrected. The region below 2500 cm™ in the spectra of all samples
show absorption bands of CO, either in the air or on the surface.® The water
bands adsorbed on surfaces or the ones of hydroxyl groups (i.e. Cu(OH),) are
observed in the range between 3700 and 3100 cm™ in the spectrum of all

samples due to their interaction with air.”

Figure 3.17.a illustrates the spectra (4000-500 cm™ range) of bare activated
carbon, Cu,O nanoparticles loaded on activated carbon, and Cu,O
nanoparticles loaded on activated carbon after CO, treatment. The peak at
~1730 cm™ is assigned to C=C double bonds or C=0 bonds in the structure of
activated carbon.'® The low signal level of the band is most likely due to use
of small amount active carbon used for samples. Unfortunately, the IR light
transmission through the active carbon is quite low. The light transmission
through the sample decrease even further when Cu,O nanoparticles are loaded
on the surface of activated carbon. This result in further decrease in the signal
intensity. The Figure 3.17.b shows the 1800-600 cm™ region where the bands
associated with the carbonate formed on Cu,O nanoparticles- activated carbon
system after CO, treatment are observed.'* The observed bands are assigned as
a combination band of bidentate carbonate or carboxylate at ~1570 cm™ and
monodentate carbonate at ~1520 cm™; monodentate carbonate band at ~815
cm™, sharp carboxylate bands at ~1388 cm™; bridge carbonate as shoulder at

~1265 cm™: broad bidentate carbonate bands at 886 cm™ and 753 cm™.7>1%®
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Figure 3.17. FTIR spectra of a) activated carbon (black dash), activated carbon
with Cu,O (olive dot), and activated carbon with Cu,O after CO, adsorption (violet

line), b) activated carbon with Cu,O after CO, adsorption in the range between
1800-600 cm™ (violet line)
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Similarly, the FTIR spectra of zeolite, zeolite with Cu,O nanoparticles, and
Cu,0O nanoparticle loaded zeolite after CO, treatment are given in Figure
3.18.a. The zeolite samples have strong and broad features in 3700-3100 cm™
region and 2260-1530 cm™ region. These are mainly associated with the
adsorbed water at the zeolite surface. As the broad and strong bands indicate,
high amount of water adsorption is observed on zeolite surfaces due to their
hydrophilic character. This strong water adsorption hinders the observation of
the carbonate formation at the surface. The bands observed in 2500-2100 cm™
region and 1525-1225 cm™ region are of free CO, and carboxylate modes,
respectively. A blow up of the 1525-1225 cm™ region is given in Figure 3.18.b.

105 and shows the

The sharp band observed at 1384 cm™ is of carboxylate mode
formation of carboxylate on Cu,O nanoparticle surface. This mode is not

observed in the spectrum of the bare zeolite.?*
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FTIR spectra of bare supports (active carbon and zeolite), supports with CuO,
and supports with CuO after CO; treatment are given in Figure 3.19. The bands
between 3700-3100 cm™ for all samples shows that high amount of moisture or
hydroxyl groups (in for Cu(OH),) are adsorbed on surfaces.”” The spectra
(4000-500 cm™ range) of bare activated carbon, CuO nanoparticle loaded
activated carbon, and CuO nanoparticle loaded activated carbon after CO,
exposure are given in Figure 3.19.a. The bands in the range between 2500 and
2100 cm™ shows the presence of free CO; on the surfaces..'® The peak of
aromatic rings, C=C bonds, or C=0 bonds in the structure of activated carbon is
located at ~1730 cm™.)%® The 1800-600 cm™ range represent the carbonate
region. Figure 3.19.b. shows the single beam spectra of the activated carbon with
CuO nanoparticles after the CO, exposure. The observed bands are associated
with the formation of the bidentate carbonate or carboxylate (at ~1573 cm™),
monodentate carbonate (at ~1520 cm™ and ~816 cm™), carboxylate (at ~1388
cm™), bridge carbonate (at ~1267 cm™), bidentate carbonate (at ~886 cm™

and ~753 cm’%).751%
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The FTIR spectra of zeolite, CuO nanoparticles-zeolite and CuO nanoparticles-
zeolite systems after CO, adsorption are shown in Figure 3.20.a. Different from
the activated carbon based systems, some moisture is observed on zeolite
samples in 2260-1530 cm™ region. This is due to the hydrophilic characteristic
of zeolite as noted previously. A comparison of the zeolite only spectrum with
the others shows that they are dominated by the zeolite features. The strong
absorptions by the zeolite modes makes it difficult to identify the bands
associated with the adsorbed CO,, the carboxylate bands, especially around 1000
cm™ where the zeolite absorbs the IR light very strongly. Figure 3.20.b shows
the region (1525-1225 cm™) where the possible carbonate formation is observed.
The sharp feature located at ~1384 cm™ shows the presence of carboxylate ion at
the surface after the CO, treatment. The rest of the carboxylate bands are

hindered by strong water absorptions or strong zeolite absorptions.'%®
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The comparison of activated carbon and zeolite based systems reveal that
zeolite adsorbs more water than activated carbon. This is because of the
hydrophilic nature of the zeolite as the activated carbon is hydrophobic. On the
other hand, the evaluation of FTIR spectra shows that the O-H band intensity
decreases in the presence of copper oxide nanoparticles on supports suggesting
decrease in the amount of adsorbed water on support surfaces. Thus, more
active sites for CO, adsorption are created upon loading of copper oxide
nanoparticles on support surface. Since it was not possible to determine the
loaded Cu,O or CuO amount either on active carbon support or on zeolite
support, it was not possible to do neither a quantitative determination nor a
relative amount of CO, adsorption on bare or decorated supports. A relative
comparison of the adsorbed CO; on these samples via FTIR is going to be

discussed in the next section.

3.4.2.2. Quantitative measurements of CO, adsorption by FTIR

A relative CO, adsorption capacity of supports, supports with Cu,O
nanoparticles, and supports with CuO nanoparticles were evaluated with the
aid of FTIR analysis. The analysis was performed at room temperature by
using a gas cell in ambient environment. The CO, gas mixture (5 % CO3, 95 %

N2) was used as a reference.

The infrared light absorption of CO, in gas form is proportional to its

concentration in the N,:CO, gas mixture according to the Beer-Lambert Law™®

A=Elc

Here A is absorbance, & is absorptivity, | is the path length and c is the
concentration of the CO,. Thus, a ratio of two absorbance becomes a ratio of
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the CO, concentrations in two different samples while the path length is kept

constant:
AlA;=cilcy,

Since concentration is proportional with the number of the CO, molecules:
c = (N/NA)/V

The absorbance ratio directly becomes the ratio of the number of CO,

molecules
A1 / A2 = N]_/Nz

Thus, the ratio directly shows the relative loss of the CO, in the sample
compartment, which then can be correlated to the amount absorbed at the
substrate surfaces when the reference N,:CO, mixture is used. This enables
ones to calculate the percentages of adsorbed CO, per gram of substrate for all

samples.

The spectra of 5% CO, (as reference) and 5% CO, passed through the bare
activated carbon, activated carbon with Cu,O nanoparticles, and activated
carbon with CuO nanoparticles adsorption were given in Figure 3.21. The
observed spectrum of 5% CO, agree well with the one reported at the NIST
database.’”” The strong CO, bending modes appear ca. 670 cm™
(Figure 3.21.a) Thus, it is more reliable to work in the range between 740 and
600 cm™ than around the strong absorption band of CO,.(Figure 3.21.b) A
sharp decrease in the band associated with the CO, bending modes was
observed when 5% CO, was passed through the samples. The evaluation of the
data show that the existence of Cu,O (olive line) and CuO (blue line)

nanoparticles on activated carbon surface increased the adsorption capacity of
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activated carbon (black line) by ~40 % and ~150 % per gram of the sample
according to the absorption data as stated above when 5% CO, is taken as
reference. The data also reveal that the activated carbon with CuO
nanoparticles adsorbs much more CO, per gram of sample (~ 80%) than
activated carbon with Cu,O nanoparticles. These results are in good agreement
with the ones observed in TGA analysis and verify that active carbon with CuO
nanoparticles better sorbents than either bare active carbon or active carbon

with Cu,0 nanoparticles.
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Figure 3.21. FTIR spectra of CO, (light gray dash line) and CO, passing after
activated carbon adsorption (black line), activated carbon with Cu,O adsorption
(olive line), and activated carbon with CuO adsorption (blue line) in the ranges
of a) 1200-600 cm™ b) 600-800 cm™
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The spectra of 5% CO, (as reference) and 5% CO, passed through the bare
zeolite, zeolite with Cu,O nanoparticles, and zeolite with CuO nanoparticles
adsorption are given in Figure 3.22. Similar to the activated carbon based hybrid
systems, here too, the spectrum (1200-600 cm™ range) clearly shows CO, bands
which agrees with the one reported in NIST database.'®” Similarly, the bands
observed in 740-600 cm™ region is used for reliable comparison. The analysis
shows that presence of CuO and Cu,O nanoparticles on zeolite increases the
CO, adsorption by ca. 155% and ca. 30 %, respectively. The comparison of
these two nanoparticle systems verifies significantly higher CO, capture
capability of CuO nanoparticles (ca. 90% / g) compared to the one of Cu,O

nanoparticles similar to the observations in previous active carbon systems.
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Figure 3.22. FTIR spectra of CO, (light gray dash line) and CO, passing after
zeolite adsorption (dark gray line line), zeolite with Cu,O adsorption (dark
yellow line), and zeolite with CuO adsorption (magenta line) in the ranges of
a) 1200-600 cm™ b) 600-800 cm™.
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3.4.3. Analysis of carbonate formation by XPS

XPS analysis was performed to complement the results obtained from FTIR
analysis for observing carbonate formation after chemical adsorption of CO, on
copper oxide nanoparticle - support hybrid system. Even though this analysis
was performed for all copper oxide — support (activated carbon, zeolite) systems,
only the CuO nanoparticle loaded zeolite yielded detectable copper signals
allowing the evaluation of results. This observation was expected since the weak
signals of copper were observed in the XPS analysis of CuO nanoparticles on
activated carbon and Cu,O nanoparticles on both zeolite and activated carbon as
discussed in previous sections. Therefore, the analysis results obtained from only
CuO-zeolite system are discussed in this section and the XPS spectra of others

are given in appendix Figure A.4.

XPS spectra of CuO nanoparticle loaded zeolite after CO, adsorption are given
in Figure 3.23. The spectrum for C1s shows two peaks at 283.4 eV and 288.0 eV
(Figure 3.23.a) The one at 283.4 eV correspond to C, where the reference value
is 284.5.” The peak at 288.0 eV was assigned to carbonate based on the reported
literature value (289.0 eV).”

The O1s spectrum demonstrates two peaks at 530.7 eV and 529.2 eV with a
difference of 1.5 eV. (Figure 3.23.b) These values are in very good agreement
with the previously reported ones which are 530.6 eV and 532.1 eV (1.5 eV
difference) for CuO and CuCOs, respectively.” Therefore, the XPS spectrum of
O1s suggests the presence of both CuO and CuCOg in the sample of zeolite with
CuO after 2 hours of CO, exposure. Furthermore, it is important to note that
SiO; (532.9 eV), Al,O3 (5631.2 eV), and Na,O (529.6 eV) present in zeolite
framework structure and they are expected to make contributions to the observed
O1s peak located at 530.7 eV.'% This is considered as the most likely reason for

significantly high intensity of the O1s peak at 283.4 eV.
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The Cu 2p core level XPS spectrum is given in Figure 3.23.c. The spectrum
shows two Cu2p peaks with binding energies of 933.5 eV and 931.9 eV. The
difference in these peaks was calculated as 1.6 eV. The position of the peaks and
difference between them agree well with the CuO (933.0 eV) and CuCO3; (934.8
eV) peaks reported for CuO powders after CO, adsorption.” This suggests that
CuCO;3; formation occurs after exposing CuO nanoparticles to CO,. Strong
satellites peaks indicating the presence of CuO nanoparticles which did not
capture CO; in the medium were observed.'%*% This. These results demonstrate
significant amount of CO, has been chemically adsorbed by CuO nanoparticles
on zeolite surface suggesting them to be good sorbents for capturing CO, at

room temperature.

a) M3.4 eV
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Figure 3.23. XPS spectra of zeolite with CuO after adsorption of CO, a) C 1s,
b) O 1s,¢) Cu 2p
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Figure 3.23. XPS spectra of zeolite with CuO after adsorption of CO,, a) C 1s,
b) O 1s, ¢) Cu 2p (continued)
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CHAPTER 4

CONCLUSIONS

CO, emission is becoming a global concern for the entire world due to its
contribution to global warming. Developing new carbon dioxide capture and
storage technologies has attracted a great attention as they provide storing CO,
for its further use in several applications such as production of carbonated
beverages, transporting and preserving tissues, treatment of waste water etc. In
this technology, supports such as zeolite and activated carbon are considered as
great hosts for keeping gas molecules. Implanting copper oxide nanoparticles on
the surface of these materials is suggested to improve i) the CO, adsorption due
to the increase in the overall surface area, and ii) the gas storage because of the
formation of stronger interaction (chemical adsorption) between the gas

molecule and the copper oxide nanoparticles.

In this study, syntheses of CuO and Cu,O nanoparticles on activated carbon and
zeolite surface were achieved by precipitation method. Then the CO, adsorption
capacities of copper oxide loaded supports (activated carbon and zeolite) were

investigated.

Characterization of morphologies and chemical identities of copper oxide
nanoparticles on supports were done by TEM, SEM, EDX, XRD and XPS
analyses. SEM and TEM analyses show that the Cu,O nanoparticles form in
spherical-like shape on supports (zeolite and activated carbon) with the average
size of 45£5 nm. On the other hand, CuO nanoparticles have sharper features
with avarage size of 60+5 nm. The images also show that Cu,O nanoparticles

on both support and CuO ones on activated carbon are well dispersed on support
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surface, but CuO nanoparticles seem to form assemblies growing out of the

surface.

Existence of copper oxide nanoparticles and their type (Cu,O or CuO) on
support surfaces were investigated via XRD and XPS analysis. In XRD analysis,
most of the Cu,O or CuO peaks could not be clearly observed due to the
significantly lower amount of these nanoparticles on support surface compared
to the amount of support material. On the other hand, some of obsevable
signature peaks of the copper oxide nanoparticles allowed us to identify Cu,O
nanoparticles on zeolite, CuO on activated carbon and zeolite. Similarly, in XPS
analysis too, clear identification of nanoparticles has been hampered by their low
loading on exterior surface of support. This analysis also verified the existance
of copper oxide nanoparticles on support surface. However, only CuO
nanoparticles on zeolite surface has been clearly identified by this technique.
This is mostly because of the existence of significant amount of CuO

nanoparticle assemblies on exterior surface of zeolite.

CO, adsorption capabilities and surface characteristics of copper oxide
nanoparticles on support of interest have been investigated by BET, TGA, FTIR,
and XPS Analysis. Copper oxide loaded supports exhibited type | isotherm that
belongs to mesoporous materials according to nitrogen adsorption-desorption
isotherms. BET analysis showed that surface area of supports decreased after
loading of copper oxide nanoparticles as expected. It suggests the formation of
copper oxide nanoparticles interior and exterior surfaces. Pore volume analysis
for zeolite supported Cu,O and CuO nanoparticles demonstrated a significant
decrease in pore volume of the support upon nanoparticle loading. Moreover,
comparison of the decrease amount in pore volume verified the larger size of

Cu,0 nanoparticles relative to CuO ones.

In TGA analysis, the amounts of CO, adsorption of copper oxide nanoparticles

loaded supports were calculated. The amount of adsorbed CO, (both physically
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and chemically) has increased by 1.204 % and 13.05 % in presence of Cu,O and
CuO nanoparticles on activated carbon surface, respectively. Similarly, increase
in the CO, adsorption amount has also observed on zeolite supported
nanoparticles. The amount of adsorbed CO, has increased by 3.613 % and 4.875
% upon loading of Cu,O and CuO nanoparticles on zeolite surface, respectively.
These analyses suggest that presence of copper oxide nanoparticles increase the
CO, adsorption capacity of supports and between two types of copper oxide

nanoparticles, CuO one is better sorbent than the Cu,O nanoparticles.

In FTIR analysis, qualitative and quantitative analysis of adsorbed CO, was
performed. The strong absorption bands were monitored between the ranges
1800 and 600 cm™ corresponded to carbonate formation on activated carbon
samples after CO, treatment. However, the only peak located at 1384 cm™
referring to carboxylate was observed on zeolite sample after CO, treatment
because of the suppression of peaks belonging to zeolite structure. According to
FTIR spectra of CO, between 740 and 600 cm™, presence of Cu,O nanoparticles
and CuO nanoparticles on activated carbon surface increased the adsorption
capacity of bare activated carbon by 38% and 153% per gram, respectively. The
spectra also show that CuO nanoparticles adsorbed more CO, (83% per gram)
than Cu,O nanoparticles. Similar trend was observed in Cu,O zeolite samples.
The presence of Cu,O nanoparticles within zeolite and CuO nanoparticles within
zeolite increased the amount of adsorbed CO; by bare zeolite by 33% and 155%
per gram. Furthermore, CuO nanoparticles much better sorbent than Cu,O
nanoparticles. It adsorbed more CO, (92% per gram of sample) than Cu,O

nanoparticles.

XPS analyses results also complement the ones observed from TGA and FTIR
studies. Even though the copper carbonate formation could only be clearly
detected on CuO nanoparticle loaded zeolite system, the analysis verified the

presence of copper oxide nanoparticles on all studied support surfaces
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In conclusion, the adsorption capacity of zeolite and activated carbon supports
has been improved by loading of copper oxide nanoparticles on their surface.
Moreover, the developed hybrid system has provided stronger adsorption of CO,
via chemical bond on the copper oxide nanoparticles compared to its relatively
weak adsorption on supports (zeolite and active carbon). This makes the copper
oxide loaded support hybrid system very promising for not only CO, adsorption
but also trapping and storing the gas for its further use in industry. The results
obtained from this study are believed to contribute to the developments in the

CO;, capturing and storage technology.
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APPENDIX A

XPS SPECTRA OF COPPER OXIDES ON SUPPORTS
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Figure A.1. XPS spectra of activated carbon with CuQ, a) C1s, b) O1s, c) Cu2p
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Figure A.1. XPS spectra of activated carbon with CuO, a) C1s, b) Ols, ¢) Cu2p
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Figure A.2. XPS spectra of zeolite with Cu,0, a) C 1s, b) O 1s, ¢) Cu 2p
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Figure A.2. XPS spectra of zeolite with Cu,0, a) C1s, b) O1s, ¢) Cu2p (continued)
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Figure A.3. XPS spectra of activated carbon with Cu,0, a) C1s, b) O1s, c) Cu2p
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Figure A.3. XPS spectra of activated carbon with Cu,0, a) Cls, b) O1ls, c) Cu2p

(continued)
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Figure A.4. XPS spectra of zeolite with Cu,O after adsorption of CO,, a) C1s,

b) O1s, ¢) Cu2p
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Figure A.4. XPS spectra of zeolite with Cu,O after adsorption of CO,, a) C1s,

b) O1s, c) Cu2p (continued)
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