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ABSTRACT 

CO2 separation from flue gas streams is an essential issue as it is the main anthropogenic 

greenhouse gas contributing to global warming. Commercially used methods for CO2 capture 

includes absorption in liquid amine solutions which has its own drawbacks such as pipeline 

corrosion, oxidative degradation of amines, foaming in the gas-liquid interface, high energy 

requirement for regeneration, and high maintenance costs. To overcome these problems, 

adsorption onto solid adsorbents is proposed as an alternative. Although microporous activated 

carbons and zeolites (e.g. 5A, 13X and Faujasite) have been previously utilized in CO2 capture, 

their relatively low adsorption capacity as well as sensitivity to humidity can limit their usage. 

One of the remedies to enhance adsorption capacity of solid adsorbent is anchoring amine via 

amine impregnation. Additionally, new classes of porous materials called Metal Organic 

Frameworks (MOFs) with exceptional capture performance hold promise in this regard. 

In the course of the current research, firstly activated carbons were synthesized from oil 

sands coke which is abundantly available in Alberta. Then the synthesized microporous activated 

carbons were impregnated with amines and the performance of amine impregnated activated 

carbons for CO2 adsorption was investigated to find suitable conditions for amine impregnation 

and CO2 adsorption. The application of MOF materials for CO2 capture was also studied and a 

new method was proposed to overcome problems associated with low MOF capture capacity at 

atmospheric pressure and temperature. Finally, a MOF–based microwave sensor was used to 

monitor the adsorption progress based on the change in dielectric properties of MOF materials. 

The first part of this study investigated the effect of different activation agents such as 

KOH and MgO on porosity and capture capacity of activated carbons prepared from oil sands 

coke. Research findings suggested that KOH activation results in a narrow pore size distribution 
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in micropore range, while adding MgO template provides mesoporous activated carbons with 

almost twice CO2 adsorption capacity.  

Further investigations were completed to study the effect of amine impregnation on CO2 

capture enhancement of activated carbons prepared from oil sands coke. The impact of different 

parameters such as impregnation ratio, amine type, humidity and adsorption temperature was 

evaluated. The results showed that secondary amine (Diethanolamine) provided more active sites 

with affinity for CO2 compared to tertiary (methyl diethaonlamine) and bulky amines (tetra 

ethylene pentamine). There is an optimum value in amine loading which results in maximum 

adsorption capacity, while exceeding this point causes a decrease in adsorption capacity possibly 

due to the blockage of accessible volume of pores.  The optimum adsorption temperature for our 

research was discovered to be at 50 °C. Also, the adsorption capacity of tertiary amine (MDEA 

in our work) was found to be improved by almost 1.6 times in the presence of 20% water vapor 

in feed stream compared to dry condition.  

In the next step, a novel MOF material combined with carbon nanotube (CNT) membrane 

was introduced. This study focuses on: 1) synthesis of MOF (MOF-74) and MOF-CNT using 

solvothermal method, 2) enhancement of MOF-CNT interfacial interaction by plasma treatment, 

3) testing the MOF and MOF-CNT for carbon dioxide adsorption. The generation of new 

functional groups on the surface of CNT through plasma treatment provided favorable chemical 

affinity and stability to bridge MOF crystals and produce near-defect free MOF-membranes. 

Additionally, single-component CO2 adsorption isotherms showed a large increase in CO2 uptake 

(maximum of 10.70 mmol CO2/g) for MOF-CNT-BP samples compared to the parent Mg-MOF-

74 (maximum of 3.13 mmol CO2/g). 
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Additionally, a new MOF material (MOF-199) was integrated with a microwave 

resonator sensor and its performance for CO2 monitoring was compared to a commercial zeolite 

13X. During the adsorption, the dielectric properties of MOF changed which could be detected 

by a change in resonant frequency. Despite the lower adsorption capacity of MOF-199 for low 

CO2 concentrations (<45 %), it showed higher sensitivity than zeolite 13X, which can be related 

to the initial dielectric properties of the virgin adsorbent. The ability of the sensor to monitor low 

concentrations of CO2 amplifies its potential in applications where information is required on the 

adsorbent replacement time.  
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CHAPTER 1. INTRODUCTION AND RESEARCH OBJECTIVES 

1.1. Background and Motivation 

1.1.1. Climate change and CO2 emission  

Fossil fuel combustion for energy production is responsible for about 40% of global 

carbon dioxide (CO2) emissions (Zhang et al., 2010). This is the leading contributor to global 

warming and associated climate change (Zhang et al., 2010). Flue gas released from fossil fuel 

combustion contains 10-12% CO2 and is a concern to a number of industries (energy generation, 

space industry, military establishments, natural gas processing, etc.) (Littel et al., 1992, Koh et 

al., 1999, Veawab et al., 1999, Huang et al., 2002, Chang et al., 2003). 

A promising method to reduce CO2 emissions is CO2 capture and sequestration (Xu et al., 

2002). A number of technologies have been investigated for capturing CO2 from flue gases, 

including cryogenic processes (Zanganeh et al., 2009), membrane separation, absorption, and 

adsorption (Zhang et al., 2010, Garcia et al., 2011, Ko et al., 2011, Khalil et al., 2012, Supasinee 

Pipatsantipong, 2012). Absorption with amines is the most established technique for controlling 

industrial CO2 emissions (Supasinee Pipatsantipong, 2012). This technique, however, suffers 

from corrosion of pipes and surrounding equipment, and low aqueous phase amine 

concentrations (Franchi et al., 2005). To mitigate these deficiencies, liquid amines can be added 

to the surface of solid supports (Caballero et al., 1993, Leal et al., 1995, Satyapal et al., 2001, 

Birbara et al., 2002, Huang et al., 2002, Xu et al., 2002, Contarini et al., 2003, Nalette et al., 

2004). These materials modify the fundamental CO2 control mechanism by incorporating amines 

that are typically used for absorption into adsorbents, benefiting from the high CO2 capacity of 

amines but limiting the disadvantages associated with liquid absorbents. 
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1.1.1. CO2 capture via adsorption 

Solid sorbents can be categorized as molecular sieves or zeolites, activated carbons (Saha 

and Deng, 2010), calcium oxides (Lee et al., 2008), hydrotalcites (Hutson et al., 2004), metal 

organic frameworks (MOF) (Walton et al., 2007) and amino-polymers (Li et al., 2008, Yang et 

al., 2010).  

Activated carbon is widely used for adsorption applications. It is resistant to acidic and 

basic conditions, can have tailored physical and chemical properties, can be regenerable, is 

thermally stable, and is inexpensive (Bullin and Polasek, 1990, Aksoylu et al., 2001, Xiong et al., 

2003, Gray et al., 2004, Gomes et al., 2008). Activated carbon is typically prepared from coals or 

lingo-cellulosic materials (Hasib-ur-Rahman et al., 2010) via carbonization and physical or 

chemical activation. Petroleum coke has also been used as an activated carbon precursor (Chang 

et al., 2000, Kawano et al., 2008), but few studies have used oil sands coke. 

Activated carbon’s surface chemistry impacts its adsorption properties (Ugarte and 

Swider-Lyons, 2005, Gauden and Wisniewski, 2007). The surface of activated carbon can be 

modified (Lee et al., 2013) by oxidation, heat treatment, and/or chemical treatment with acids, 

bases, or metals (Sun et al., 2007, Lee et al., 2013). To the best of our knowledge, however, 

systematic studies investigating carbon surface modifications using microwave heating and 

chemical treatments to directly improve CO2 capture have not been reported. 

MOFs are crystalline, porous materials that possess high surface area (up to 5000 m
2
/g) 

and void volume (55-90%) (D'Alessandro et al., 2010) with chemical functionalities that can be 

tailored by modifying the metal group or organic linker. Although MOFs have high capacity for 

acidic gases such as CO2 at pressures > 50 bar, their performance at lower pressures is not 
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favorable (Liang et al., 2009). One promising method to boost their functionality at low 

pressures is to modify their structure by embedding these materials on a polymeric support.  

1.1.2. Real-time monitoring of CO2 concentration using microwave resonator 

sensor 

As stated in section1.1.1, adsorption is a promising method to capture and remove CO2 

from air. In order to make it more economical and environment friendly, the adsorbent will be 

regenerated after cycles of adsorption. Thus the recovery of adsorbent is a substantially 

important attribute of the process, where it will provide information about when to replace the 

adsorbent and manage the process economically. Detecting the concentration of target gas after 

adsorption in the off-gas stream can provide this information, which is viable through using 

highly sensitive gas sensors. Hence, it is of great interest to develop gas sensors to detect and 

monitor CO2 levels in gas streams. Developing highly sensitive, selective, stable, and cost 

effective CO2 sensors at room temperature is a challenge (Kreno et al., 2012). CO2 sensors 

functioning at room temperature are highly applicable for indoor and outdoor air quality control, 

and air quality monitoring in mines (Stegmeier et al., 2009). A wide range of techniques for the 

measurement of gas concentration have been developed which work based on various operating 

principles, such as optical, resistive, or capacitive sensing. Despite their vast applications, optical 

sensors have some disadvantages for CO2 sensing as they are bulky and expensive with high 

chances of interference from CO, since CO has similar absorption in the same IR range (Lübbers 

and Opitz, 1975, Leiner 1991). On the other hand, resistive sensors which operate based on the 

change of the electronic resistance of a sensitive layer (mostly semiconducting metal oxide) upon 

interaction with a target gas (Wagner et al., 2013), suffer from electrical noise (Lübbers and 

Opitz, 1975, Leiner, 1991, Wagner et al., 2013). Amongst all, capacitive sensors coupled with 

selective adsorbent materials such as zeolite or MOF count as a good candidate for CO2 sensing 
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application (Wark et al., 2003, Wagner et al., 2013). In this work, microwave resonator sensor 

coupled with MOF material was used to monitor the concentration changes of CO2 at room 

temperature via detecting changes in the permittivity of MOF. 

1.2. Objectives 

Significant researches have been dedicated to increase the CO2 capture capacity. 

Traditional approaches such as aqueous ammonia-based absorption, or liquid amine absorption 

have a number of shortcomings prompting new approaches for alternative technologies for CO2 

separation from flue gas. 

The overall objective of this work is to develop solid adsorbent materials which mitigate 

the problems associated with traditional methods (i.e. liquid amine absorption) and can provide 

high capacity for CO2 at atmospheric pressure and lower temperatures comparing to other 

adsorbents such as zeolites (with adsorption temperatures75°C) (Chatti et al., 2009). The 

specific objectives of research done are presented as follows: 

1. To transform an underutilized waste material (oil sands coke) into an activated carbon 

that has high capacity for CO2 adsorption. For this purpose, oil sands coke was activated 

using different activation agents and the adsorption capacity of synthesized samples was 

measured.  

2. To enhance the adsorption capacity of activated carbon (derived from oil sands coke) 

using alkali amines. To this end, the effect of the following parameters on the CO2 

adsorption capacity of the amine-impregnated samples is investigated: 

- Activated carbon support pore size distribution 

- Amine loading (impregnation temperature and concentration) 

- CO2 adsorption temperature 
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- Humidity 

3. To develop a synthesis method for metal organic frameworks (MOFs) by incorporating 

the MOF crystals on the surface of carbon nanotube (CNT) membrane using plasma 

technology and to investigate their CO2 adsorption capacities, whereby the impact of 

several parameters were investigated: 

- Plasma treatment time 

- Plasma side treatment 

- Plasma gas 

- MOF crystallization time 

4. To explore the potential for using MOF in sensor applications. Microwave resonator 

sensor coupled with MOF was used for this purpose. The performance of MOF-199 as 

CO2 adsorbent was compared to zeolite 13x. Microwave resonator sensor monitors the 

variation in dielectric properties of the adsorbents. 

1.3. Significance of the Research 

Using delayed coke from oil sands as a precursor for activated carbon can transform a 

petroleum waste material into an effective CO2 adsorbent and lower the GHG footprint of the oil 

sands. Modifying this prepared activated carbon with amines is expected to improve CO2 uptake 

capacity further, potentially creating an industrially-viable adsorbent for CO2 capture. On the 

other hand, structure modification of MOFs provides an opportunity to enhance their storage 

capacity at lower pressures. Since MOFs have diverse properties, the findings of this research 

can be used in several applications such as CO2 capture and monitoring. The outcome of this 

investigation can be used in designing an effective gas detection system for monitoring traces of 

CO2 in gas streams.  
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1.4. Thesis Organization 

This thesis is written in an article-integrated format as specified by The Faculty of 

Graduate Study and Research (FGSR) at the University of Alberta.  CHAPTER 1 provides a 

brief background and motivation of the work. Pertinent literature about carbon dioxide capture 

technologies is reviewed and explained in chapter CHAPTER 2. The literature review presents 

general information about CO2 capture technologies such as amine-based absorption, membrane 

separation and adsorption materials such as activated carbons, MOFs, and zeolites. 

Chapter 3 of this thesis describes the synthesis, characterization, and capture capacity 

measurement of activated carbons from oil sands coke, as well as amine-impregnated activated 

carbons. Chapter 4 investigated the CO2 capture capacities of mesoporous activated carbons. In 

chapter 5, the synthesis of MOFs and MOF-CNTs, and their CO2 adsorption behavior were 

experimentally studied at room temperature and pressure. Chapter 6 discusses a new potential of 

MOF materials for CO2 sensing using microwave resonator sensor. Chapter 7 presents the 

general conclusions from this study based on the experimental results, and the carried out 

analyses. Major findings are summarized, followed by recommendations for future work.   
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CHAPTER 2. LITERATURE REVIEW 

2.1.  CO2 Capture Methods 

Since the industrial revolution, the amount of carbon dioxide emission has risen by more 

than a third from 280 parts per million (ppm) by volume to 368 ppm in 2000, and 388 ppm in 

2010 (Rackley, 2010). Based on Intergovernmental Panel on Climate Change (IPCC) (IPCC, 

2001), the rise in carbon dioxide emission may result in an increase in CO2 level in the 

atmosphere up to 570 ppm in 2100 causing an approximate raise of 1.9°C in the mean global 

temperature. 

Several approaches have been investigated to reduce the total carbon dioxide emission 

into the atmosphere including reduction of carbon intensity by using alternative to fossil fuels 

such as hydrogen and renewable energies, reduction in energy intensity by the efficient use of 

energy, and carbon capture and sequestration from point source emissions such as power plants 

(Yang et al., 2008).  

A promising method to reduce CO2 emissions is CO2 capture and sequestration (Xu et al., 

2002) as other alternatives to fossil fuels such as hydrogen, biomass, and solar energy are still 

under development and are not commercially viable. The main approaches to reduce the carbon 

dioxide emission from power generation plants can be categorized as: 1) pre-combustion capture 

through de-carbonation of the fuel prior to combustion, 2) oxy-fuel combustion by changing the 

combustion process to produce carbon dioxide as a pure combustion product and 3) post-

combustion capture which is based on carbon dioxide separation from combustion product 

(Rackley, 2010). Figure 2-1 illustrates these approaches.  
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2.1.1.  Pre-combustion Capture 

In pre-combustion capture, the fuel (coal or biomass) is de-carbonized by gasification, in 

which it reacts with oxygen or air to produce carbon monoxide and hydrogen. Comparing to 

post-combustion capture, carbon dioxide concentration and partial pressure would be higher 

which simplifies the carbon dioxide capture process, and is counted as an advantage of this 

method compared to post-combustion capture. On the other hand, the generating facility 

increases the total capital costs (Olajire, 2010). 

 

Figure 2-1. CO2 capture from power generation plant (Olajire, 2010) 

2.1.2.  Oxy-fuel Combustion 

In Oxy-fuel technique, the flue gas combustion occurs in oxygen rather than air, 

increasing carbon dioxide concentration in the product compared to post-combustion method. 

The carbon dioxide concentration reaches to almost 80% (Figueroa et al., 2008) which facilitates 
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its separation and purification techniques, but the need for large quantities of oxygen and air 

separation section raise the capital cost and energy consumption.  

2.1.3.  Post-combustion Capture 

The last technique is post-combustion capture in which carbon dioxide is removed from 

the flue gas before emission to the atmosphere. Low partial pressure of carbon dioxide in the flue 

gas (Olajire, 2010) and relatively high temperature of the flue gas depending on the type of fuel 

(e.g., 120 and 180°C for black and brown coal, respectively (CSIRO, 2008)) make carbon 

dioxide separation more challenging. Although low concentration carbon dioxide in the flue gas 

highlights the need for strong chemical sorbents, post-combustion capture is still a promising 

technique due to its adaption to existing units (Figueroa et al., 2008). 

A number of technologies have been applied for post combustion capture of CO2 from 

flue gases, including cryogenic processes (Zanganeh et al., 2009), membrane separation, 

absorption, and adsorption (Zhang et al., 2010, Garcia et al., 2011, Ko et al., 2011, Khalil et al., 

2012, Pipatsantipong et al., 2012). The following paragraphs mainly discuss post-combustion 

capture technologies from fossil fuel power plants which can be categorized as conventional 

technologies such as amine-based absorption, membrane separation and new emerging 

technologies such as adsorption using porous materials like activated carbon and metal organic 

frameworks.  

2.1.3.1.  Amine-based Absorption 

Absorption is the most established technique for controlling industrial CO2 emissions 

(Pipatsantipong et al., 2012) and involves an exothermic reaction of a sorbent (typically amine or 

carbonate solution) with carbon dioxide in the gas stream (Rackley, 2010) and occurs at large 

scale amine absorbers (scrubbers). There are three types of amines used in this process including 

primary, secondary and tertiary amines. Primary amines have higher reaction rate with carbon 
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dioxide while secondary amines and tertiary amines require lower regeneration energy due to 

weak interaction with carbon dioxide (Figueroa et al., 2008). Amine-based carbon dioxide 

separation from flue gas is illustrated in Figure 2-2. The scrubber contains 25-30% aqueous 

amine (normally monoethanolamine, MEA) solution at high pressure (60-70 atm) and the flue 

gas enters to packed absorber column at atmospheric pressure and temperature around 50°C 

(Freguia and Rochelle, 2003). The amine reaction with carbon dioxide results in the formation of 

carbamate species. After carbon dioxide separation, water washed flue gas is released from the 

top of the absorber whereas the rich solvent (contains high amount of carbon dioxide) passes 

through a stripper working at high temperature (100-140°C) (D'Alessandro and McDonald, 

2010) and pressure (1-10 bar) (CSIRO, 2008) to release carbon dioxide in high purity (over 99%) 

which may be compressed for further applications such as long-term storage for deep geological 

formation like saline aquifers or depleted oil/gas fields (D'Alessandro and McDonald, 2010). 
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Figure 2-2. Process flow diagram for amine-based CO2 capture (CSIRO, 2008) 
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This technique, however, suffers from degradation of amines in the presence of oxygen, 

SO2, NO2 and HCl which requires additional solvent recovery and waste disposal (Rackley, 

2010), corrosion of pipes and surrounding equipment, low aqueous phase amine concentrations 

(Franchi et al., 2005), and high energy consumption causing electricity costs to increase by 35 – 

85% (R. Veneman et al., 2013). 

2.1.3.2.  Membrane Separation 

Membrane technology for gas separation has been widely applied in many industrial 

separation processes. Membranes separate components of a mixture based on different driving 

forces such as pressure difference, concentration difference and electrical potential difference 

between the feed and the permeate phases (Matsuura, 2009). Different separation mechanisms 

have been investigated so far including: 1) solution/diffusion, 2) adsorption/diffusion, and 3) 

molecular sieve and ionic transport (Olajire, 2010). When flue gas passes through the membrane, 

CO2 separation occurs based on one of the followings: partial pressure difference of CO2 

between feed and permeate, or a reversible chemical reaction with porous inorganic materials 

such as zeolites, ceramic and metal organic frameworks (Shackley and Gough, 2006). In 

conventional dense membranes, solubility difference of gas molecules into membrane material 

serves as a driving force for separation. However, it (i.e. solubility difference) creates a trade-off 

between selectivity (separation quality) and permeability (energy consumption); selectivity 

requires thicker membrane, whereas the permeation resistance would increase with membrane 

thickness (Lu, 2012). While pure polymer membrane strategy presents limitations related to 

permeability-selectivity trade-off behavior (Robeson, 1991, Robeson, 2008, Lin et al., 2016), a 

new class of membranes or inorganic membranes (such as metal organic frameworks) offer 

significant separation, stability and selectivity. 
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2.1.3.3.  Adsorption via solid sorbents 

Adsorption of CO2 requires relatively low energy consumption, is cost-effective, and can 

operate over a wide range of temperatures and pressures (Xu et al., 2005). Adsorbents can be 

regenerated, allowing for their reuse in cyclic adsorption/desorption systems. Ideally, a 

regenerated adsorbent will have the same capacity, selectivity, and adsorption kinetics as the 

initial material (Plaza et al., 2009). Based on the adsorbent-adsorbate interaction, the adsorption 

can be categorized in two groups: chemical adsorption (chemisorption) and physisorption. In 

chemisorption, the adsorbate and adsorbent are united by covalent bonds. Surface functional 

groups on the adsorbent may encourage chemisorption by providing sites for bond formation 

(Mattson et al., 1969, De Jonge et al., 1996). In physical adsorption, or physisorption, the 

adsorbate and adsorbent are linked by weaker van der Waals’ interactions. Hence, the heat of 

adsorption associated with chemisorption is higher than for physisorption. Irreversible adsorption 

is associated with chemisorption or strong physisorption because the interactions are stronger 

and more difficult to reverse (Mattson et al., 1969).  

2.2.  Adsorption Materials 

As discussed in section 2.1.3.1. and 2.1.3.2. , recent carbon capture technologies have 

some drawbacks that impede them to meet the requirements set by U.S. Department of Energy’s 

National Energy Technology Laboratory (DOE/NETL) which aims to reach 90% CO2 capture at 

less than 35% increase in the cost of electricity (COE) (Fout and Jones, 2009). Hence, alternative 

approaches are required that offer higher CO2 capture efficiency at low operational cost. Solid 

adsorbents provide variety of adsorption processes including pressure, vacuum or temperature 

swing adsorption cycles, while circumventing major problem associated with absorption with 

liquid amines that is corrosion. Solid adsorbents also provide the possibility to take advantage of 

multiple regeneration options including isothermal regeneration under vacuum, and regeneration 
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by a desorbent which can reduce energy consumption (Pirngruber et al., 2009). Many solid 

adsorbent materials have been proposed for adsorption processes such as activated carbon, 

zeolites and metal organic frameworks (MOFs) which based on their working temperature can be 

categorized to low, medium and high temperature adsorbents as illustrated in Figure 2-3.  

 

Figure 2-3 Solid adsorbents for CO2 capture  

 

In order to compete with conventional technologies for CO2 capture from flue gas, these 

materials need to fulfill the following requirements:  1) high adsorption capacity (at least 2-4 

mmol CO2/g) at low pressure (Ho et al., 2008) to reduce the amount of adsorbent, 2) high 

selectivity for CO2: which is defined as the ratio of CO2 capture capacity to other bulk gas 

components (mainly N2 and O2), and determines the purity of CO2 captured to meet the purity 

requirement and separation process costs (Pirngruber et al., 2009), 3) fast adsorption/desorption 

kinetic to allow high gas velocity in fixed bed adsorption column and short adsorption/desorption 

cycle time, 4)  moderate heat of adsorption to speed up the regeneration process, 5) high water 

stability, since flue gases inherently contain water (5-7% by volume) (Keskin et al., 2010 , 
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Granite and Pennline, 2002), 6) high mechanical stability to preserve the microstructure of 

adsorbent under severe operational conditions such as high temperature or flue gas flow rate, and 

finally 7) low operating costs including separation, adsorbent regeneration, and cost of raw 

adsorbent. According to a sensitivity analysis performed by Tarka et al. (2006), the baseline cost 

for an economic sorbent should be $10/kg of sorbent. The main adsorption mechanisms using 

solid adsorbents are: 1) kinetic effect where the components in gas mixture have different 

diffusion rates, 2) molecular sieve effect where the separation is based on difference in 

size/shape of certain components, and 3) thermodynamic effect which is based on adsorbate- 

adsorbent interaction (Li et al., 2009). 

2.2.1.  Activated Carbon 

To mitigate the deficiencies associated with conventional liquid amine absorption 

method, research is underway to develop porous supports impregnated with liquid amines that 

can be used for CO2 control. These materials modify the fundamental CO2 control mechanism, 

benefiting from the high CO2 capacity of amines but limiting the negatives associated with liquid 

absorbents. One of the most commonly investigated porous supports is activated carbon that can 

be obtained from variety of carbon- containing materials such as sugar cane, sunflower seeds 

(Liou, 2010), industrial by-products (e.g. petroleum coke pitch (Small et al., 2012)), and biomass 

materials such as wood sawdust (Foo and Hameed, 2012) and coconut shell (Hu and Srinivasan, 

2001), which makes activated carbon a favorable adsorbent in terms of low cost raw material.  

Oil sands coke can be used as a precursor for activated carbon due to its low cost and high 

carbon content (Chen and Hashisho, 2012). Moreover, activated carbon has a wide range of 

surface characteristics such as pore size distribution, pore structure, and active surface area due 

to the variety of its raw material (Choi et al., 2009). The activated carbon production process 
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from its raw materials includes carbonization and activation as described in the following 

section.  

2.2.1.1.  Carbonization 

Carbonization is a crucial step because at this stage, the micropore structure starts to 

form. During carbonization, the precursor is heated (between 500-1200°C) in an inert 

atmosphere to isolate char (Davini, 2002) that has poor surface properties (Bandosz, 2006). The 

char has only incipient porous structure which is not accessible and needs to be upgraded or 

activated. Non-carbon elements such as H2O, and H2 are released during this step, increasing the 

relative carbon content of the isolated char (Choi et al., 2009). 

2.2.1.2.  Activation 

Thermal activation partially oxidizes the char with steam, carbon dioxide or air, during 

which carbon atoms react with gas, resulting in some mass removal. Activation adds pores to the 

char, increasing the surface area and pore volume of the carbonaceous material (Davini, 2002). 

The pore sizes can be classified into three major groups that correspond to micropores (less than 

2 nm), mesopores (between 2 and 50 nm), and macropores (larger than 50 nm). 

2.2.1.3.  Physical and Chemical Activation 

Physical activation of oil sands coke has been investigated using steam and/or CO2 for 

partial gasification of chars at high temperatures (800 – 1000
o
C) (Di-Panfilo and Egiebor, 1996, 

Shawwa et al., 2001, Bandosz, 2006, Marsh and Rodriguez-Reinoso, 2006, Stavropoulos and 

Zabaniotou, 2009, Small et al., 2012). This process takes 1 – 6 h of heating and results in 

activated carbon with low surface area and pore volume (319 m
2
/g and 0.244 cm

3
/g) (Di-Panfilo 

and Egiebor, 1996) and low methylene blue adsorption capacity (100.5 mg/g) (Shawwa et al., 

2001). Chemical activation requires less activation time to produce high surface area (1100 – 

1200 m
2
/g) material (Bandosz, 2006, Marsh and Rodriguez-Reinoso, 2006). In this process, 

chemicals such as KOH, H3PO4 or ZnCl2 open the micropores, leading to a well-developed 
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carbon structure (Ahmadpour and Do, 1996). For example, during activation with KOH, KOH 

reacts with the carbon skeleton, producing solid and gaseous products. At the same time carbon 

bum-off occurs resulting in porosity development. Experimental evidence shows that hydrogen 

and metallic potassium are formed during the reaction, as well as CO and CO2 (which come from 

the carbon skeleton) and potassium oxide (Bandosz, 2006): 

6 𝐾𝑂𝐻 + 2𝐶
𝑦𝑖𝑒𝑙𝑑𝑠
→    2 𝐾2𝐶𝑂3 + 2𝐾 + 3𝐻2 

𝐾2𝐶𝑂3
𝑦𝑖𝑒𝑙𝑑𝑠
→    𝐾2𝑂 + 𝐶𝑂2 

The following reactions are assumed to occur during physical activation (Bandosz, 2006): 

𝐶 + 𝐻2𝑂 (𝑠𝑡𝑒𝑎𝑚)
𝑦𝑖𝑒𝑙𝑑𝑠
→    𝐶𝑂 + 𝐻2   

𝐶𝑂 + 1 2⁄ 𝑂2
𝑦𝑖𝑒𝑙𝑑𝑠
→    𝐶𝑂2  

𝐻2 +
1
2⁄ 𝑂2

𝑦𝑖𝑒𝑙𝑑𝑠
→    𝐻2𝑂 (𝑠𝑡𝑒𝑎𝑚)  

 

Generally, chemical activation is performed at lower temperatures than physical 

activation (Ahmadpour and Do, 1996, Macia-Agullo et al., 2004). 

2.2.1.4.  Microwave activation 

Recently, microwave activation has drawn attention due to its high energy efficiency, 

high heating rates, volumetric heating from inside to outside, and selective heating (Chen and 

Hashisho, 2012). The mechanism of microwave heating is based on the absorption of 

microwaves by a dielectric material, whereby the electromagnetic energy is converted into 

thermal energy or heat. Dielectric materials contain polar molecules. These molecules generally 

have a random orientation. In a microwave field, the polarity alternates very rapidly, changing 

the rotation of molecules which leads to friction with the surrounding medium, and heat is 
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generated. The ability of a material to convert absorbed energy into heat is characterized by its 

“dielectric loss factor” (Cherbański and Molga, 2009). Microwave heating is effective for 

materials with a high dielectric loss factor and permittivity, including carbonaceous materials 

(Chung, 2001). Chen et al. (Chen and Hashisho, 2012) applied microwave heating with steam for 

activating oil sands coke, finding that the method removes sulfur from and introduces oxygen to 

the surface and bulk of the cokes while increasing specific surface area and pore volume. 

2.2.1.5.  Effect of temperature on CO2 adsorption of activated carbon 

At room temperature (25C) and atmospheric pressure, activated carbon (AC) adsorbs 

110 mg CO2 / g AC (Kamarudin and Mat, 2009). Because adsorption is exothermic, capacity 

decreases with increasing temperature (Pipatsantipong et al., 2012). Many industrial separations 

require high temperatures (up to 400C) – it is not practical to install large scale heat exchangers 

in most processes – so it is beneficial to prepare CO2 adsorbents with high capacity and 

selectivity at high temperatures. 

2.2.1.6.  Effect of pressure on CO2 adsorption of activated carbon 

Typically, CO2 adsorption capacity on microporous ACs is lower than on mesoporous 

zeolites or molecular sieves at low pressures (< 1.7 bar) and ambient temperature (Chue et al., 

1995). However, for a Pressure Swing Adsorption (PSA) process, at higher pressures, activated 

carbons surpass zeolites in terms of CO2 uptake due to micropore filling (Siriwardane et al., 

2001). This may be attributed to higher carbon surface areas compared to zeolites (897 vs. 506 

m
2
/g for AC and zeolite 13X, respectively). Although, zeolites have higher CO2 capacity per unit 

of specific surface area, and their surface affinity for CO2 may be superior to carbon, because of 

the shape of equilibrium isotherm for AC, it can perform better than zeolite 13X at elevated 

pressures (Kumar, 1989, Siriwardane et al., 2001).  
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2.2.2.  Amine Impregnated Activated Carbons 

Preparation of activated carbon with basic surface properties can improve adsorption of 

acid gas (Lee et al., 2013, Sun et al., 2007). To make carbon basic, acidic oxygen functional 

groups can be removed with heat treatment (> 700C) in an inert atmosphere, or by adding basic 

surface groups, including amines (Menendez et al., 1996). Addition of functional groups can be 

achieved by impregnation or high temperature chemical treatments (Plaza et al., 2007, Pevida et 

al., 2008). 

Ammonia treatment of carbon between 400 and 900C will replace oxygen groups with 

amines (Krishnankutty and Vannice, 1995). This method is simple, low cost, and has the ability 

to load large amounts of amine (by increasing their basicity from 0 to 8.6 wt% on activated 

carbon) (Mahurin et al., 2011), but is not a sustainable method due to safety concerns, 

corrosiveness, and difficulties transporting and storing NH3 (Davies, 2006). Wet impregnation is 

an alternative technique where the carbon is immersed in a solution containing the desired 

additives. The solution diffuses into carbon’s pores based on a concentration gradient driving 

force and then the solvent is removed by evaporation or filtration (Morbidelli et al., 2001, Xu et 

al., 2002). Both impregnation techniques can alter the physical properties of the adsorbent by 

blocking narrow pores due to pore filling with the impregnant (Lee et al., 2013, Wei et al., 2010, 

Xu et al., 2002, Maroto-Valer et al., 2005, Jadhav et al., 2007, Khalil et al., 2012). 

2.2.2.1.  Amine selection 

Alkanoamines have hydroxyl groups in their structure, decreasing their vapor pressure 

and reducing product losses during regeneration (Tontiwachwuthikul et al., 2011). Hydroxyl 

groups also increase the amine’s solubility in aqueous solutions while the amino group provides 

the required alkanity to adsorb CO2 (Tontiwachwuthikul et al., 2011). Alkanoamines can be 

categorized into three groups (Wong and Bioletti, 2002): 
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Primary amines (e.g., monoethanol amine (MEA), diglycolamine (DGA)) 

Secondary amines (e.g., diethanolamine (DEA), di-isopropylamine (DIPA)) 

Tertiary amines (e.g., triethanolamine (TEA), methyl-diethanolamine (MDEA)) 

Traditionally, MEA is used for CO2 absorption because it has the lowest molecular 

weight and the highest theoretical CO2 absorption capacity (0.4 kg of CO2 per kg of sorbent 

(Rivera-Tinoco and Bouallou, 2010)). This theoretical capacity, however, has not been achieved 

in practice due to corrosion problem (Veawab et al., 2008). DEA is also commonly used because 

it has a lower vapor pressure than MEA and is less susceptible to volatilization (Kamarudin and 

Mat, 2009). Also, the chemistry of DEA-CO2 benefits from moisture, which is found in most 

CO2-containing mixtures (Franchi et al., 2005). Secondary amines also have lower heat of 

reaction with CO2 than primary amines (360 cal/g vs. 455 cal/g), resulting in lower regeneration 

temperatures (Wong and Bioletti, 2002). Tertiary amines benefit from an even lower heat 

requirement (320 Cal/g for MDEA vs 455 Cal/g for MEA) for CO2 liberation from spent 

solvents. Tertiary amines also have lower tendency for degradation products than primary and 

secondary amines, lower corrosion rates, and an easier regeneration process; however, because 

they react with CO2 slowly, they require more liquid circulation to remove CO2 (Wong and 

Bioletti, 2002). A list of common amines used for amine impregnation method is listed in Table 

2-1. 
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Table 2-1 Physical properties of conventional amines (National Center for Biotechnology 

Information (a, b, c, d), 2017) 

Amine 

name 

Formula Structure Molecular 

weight (g/mol) 

Density 

(g/cc) 

Boiling 

point (°C) 

MEA C2H7NO 

 

61.08 1.01 171 

DEA C4H11NO2 

 

105.14 1.09 280 

MDEA C5H13NO2 

 

119.16 1.08 247 

TEPA* C8H23N5 

 

189.3 0.99 190-240 

*Tetra ethylene pentamine 

2.2.2.2.  Amine interaction with CO2 

Activated carbon functionalized with amines can chemically or physically adsorb CO2. 

Alkanoamines remove CO2 via exothermic reactions between CO2 and the impregnated amine 

group (Wong and Bioletti, 2002). The interaction of CO2 with amines has been explained by 

several mechanisms (Lee et al., 2013, Satyapal et al., 2001, Zelenak et al., 2008). Primary and 

secondary amines directly react with CO2 to produce carbamate through the formation of 

zwitterions. In the first step, the ion pair of the amine attacks the carbon atom from CO2 to form 

a zwitterion. Then, carbamate is formed via de-protonation of the zwitterion by a free base 

provided by the amine molecule, H2O, or OH (Sartori and Savage, 1983). Tertiary amines react 

with CO2 differently. Instead of a direct reaction with CO2, they catalyze the formation of 

bicarbonate. This mechanism, which involves base-catalyzed hydration of CO2, was first 

reported by Donaldson (Donaldson and Nguyen, 1980). 
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2.2.3.  MOFs 

MOFs are crystalline materials with structures based on coordination bonds formed 

between metal cations as nodes (e.g. Al
3+

, Cr
3+

, Mg
2+

, Cu
2+

, or Zn
2+

) and electron donors as 

linking groups, such as amines or carboxylates. The rigid pore structure of MOFs results from 

the self-assembly of these components, typically in solution, which do not collapse upon solvent 

removal or when “guest” molecules occupy the pores. The topology of MOFs depends on the 

metal ion coordination and the geometry of the organic linker groups, called secondary building 

units (SBUs), which control the network symmetry (Tranchemontagne et al., 2009). MOFs are 

applied in adsorption applications because they have high surface area (up to 5000 cm
2
/g), and 

can have tailored pore size distributions, allowing for increased adsorption capacity and 

improved adsorption kinetics. Other beneficial properties of MOFs include charge transfer 

capabilities (ligand to metal or metal to ligand), high thermal stability, and electronic properties 

(Eddaoudi et al., 2001). 

2.2.3.1.  MOF Synthesis 

Typical MOF synthesis follows the solvothermal method of heating a mixture of a metal 

salt and an organic acid in a solvent for 12 – 48 h. This method yields high purity, and structured 

crystals, although it requires long reaction times (Mueller et al., 2006). It was found that for 

some protocols, heat can be replaced by other stimulus such as ultrasound (Suslick et al., 1986), 

and microwave (Klinowski et al., 2011). Methods other than solvothermal include 

mechanochemical (Pichon et al., 2006) which is solvent free and room temperature catalysis 

(Díaz-García et al., 2014). The MOF synthesis methods developed so far produce MOFs in 

powder forms which makes them difficult to function in gas separation applications. The 

agglomeration of MOF crystals in the solution makes it difficult to direct the growth into a 

certain position, termed as “growing to position”. Recently, efforts made to overcome this 
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obstacle by growth of MOFs on a surface in-situ or by seeding-secondary growth approach 

through blending already synthesized MOF crystals with other materials, mostly polymers (Jahan 

et al., 2010). In these methods, MOF crystal nucleation is less likely to occur on top of the 

already formed crystals, hence “piling up” of the crystals is avoided. 

2.2.3.2.  In-situ and seeding-secondary growth of MOF membranes 

In this method, MOF crystals grow on a surface which is modified or processed to make 

it compatible with MOF growth. The surface modification is usually made by introducing active 

(functional) groups which can react with metal ions or organic groups on MOF surface, as 

illustrated in Figure 2-4. Then the template is immersed in the MOF mother solution for in-situ 

growth of MOF, which allows the MOF layer to grow on the template by solvothermal method 

directly. In seeded growth, the template is usually coated by a seeded layer of MOF of interest, 

then placed into the mother solution for secondary solvothermal treatment (Li et al., 2015). 

 

Figure 2-4. The concept of surface modification to increase compatibility with MOF 

(Hermes et al., 2005) 
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Different types of materials have been studied for supporting MOF crystals, including 

poly (acrylonitrile) (PAN) (Centrone et al., 2010), polypropylene fiber mats (Zhao et al., 2014), 

or carbon based materials such as carbon nanotubes (CNTs) and graphite (Petit and Bandosz, 

2011). Amongst all, CNTs are of exceptional research interest for their mechanical strength, 

potential in adsorption and catalysis, and tunable chemistry (Bradshaw et al., 2012). Preparing a 

defect-free MOF-membrane faces challenges such as poor membrane-MOF bonding, poor 

membrane stability and macroscopic crack formation during activation. Also, achieving good 

dispersion of the CNTs in a polymer is known to be difficult because of the limitations due to 

their hydrophobic and inert nature. The dispersion in polar solvents, for instance, is a strong 

requirement for the synthesis procedure of some composite materials such as specific drug 

delivery agents (Bianco et al., 2005), as well as for the incorporation in mixed matrix membrane 

(MMM) (Khan et al., 2012). For this purpose, different routes have been explored and reviewed 

to modify the surface of CNTs.  

2.2.3.3.  Membrane surface modification methods 

Typical surface modification methods include reactions in solution for chemical 

functionalization, exposition to radiative sources such as x-ray, gamma ray or ultra violet - 

ozone, and plasma treatments (Datsyuk et al., 2008, Jiang et al., 2009, Ma et al., 2010). Another 

possible reason to chemically functionalize the surface of CNTs is to introduce some specific 

chemical groups which will act as a grafting agent in a further reaction, aiming at incorporating 

other functionalities. However the surface functionalization is still not fully understood in terms 

of surface chemistry and control of the introduction of the functionalities, while the loss in 

crystallinity and damage on the sidewalls which can generate amorphous carbon have been 

reported as an important drawback which must be limited. Solution reactions are by far the most 

volume to surface efficient functionalization routes and typically lead to fast kinetics. Generally, 
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an efficient technique requires the use of a strong oxidizing agent in order to graft hydrophilic 

oxygenated functionalities, typically alcohols or carboxylic acids, mostly at the tips or on defect 

sites which are expected to be the most reactive spots on the structure (Lin et al., 2003). 

The surface functionalization reaction usually requires particularly harsh chemicals, such 

as HNO3, HNO3/H2SO4, H2O2, KMnO4, which are not environmental friendly (Shieh et al., 2007, 

Smith et al., 2009). Moreover, due to the harsh conditions related to the use of chemicals such as 

H2SO4 or HNO3, most oxidation reaction result in some undesirable damage introduced on the 

sidewalls and on the tips of CNT (Wiltshire et al., 2004, Datsyuk et al., 2008). As a consequence, 

these issues limit their application to a relatively narrow range of surface modifications 

(Karousis et al., 2010).  

On the other hand the high penetrability of irradiative chemical pathways by x-ray or 

gamma ray irradiation may be performed in gaseous phases and are not limited to the surface of 

the material (Wang et al., 2009, Yang et al., 2009, Dumée et al., 2014). However these 

techniques are limited to reagents which can be brought physically in contact with the sites to be 

grafted (Dumée et al., 2014). UV-ozone and surface plasma treatments on the other hand offer 

highly versatile routes to the surface modification of graphene materials (Lin et al., 2010, Wang 

et al., 2013). 

 Plasma treatment 2.2.3.3.1

While acid treatments and x-ray or gamma ray irradiation present some obstacles in terms 

of controlling the reaction conditions when harsh chemicals are applied and introduction of 

undesirable structural damage, plasma treatment offers the possibility to chemically modify a 

polymeric surface by introducing new functional groups with a clean, fast and possibly safe 

process (Barton et al., 1999, Barton et al., 2000).  Plasma consists of a mixture of excited 
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species such as radicals, electrons, ions and UV light. The application of an intense source of 

energy to an atom results in the breaking up of its outer shell, generating negatively charged 

electrons and positively charged ions and radicals. While energy is provided by a high frequency 

generator, an electron from the feed gas is shot out from the outer shell. The negatively charged 

components consequently move towards the anode, meeting and colliding with other molecules 

thus generating more radicals and positive ions which are accelerated towards the cathode. 

Ionized molecules are not the only responsible species for the plasma functionalization, in fact 

during the process IR/UV radiations are created even though they have less significance 

compared to the impact of radicals and ions (Rauscher et al., 2010). 

Having to deal with different charged species, and tuning the plasma parameters in order 

to fully understand the effects, make it challenging to obtain the most suitable conditions. 

Several studies have been carried out to demonstrate how nitrogen or oxygenated functionalities 

can be introduced via plasma treatment by making use of a wide range of feed gas, commonly 

oxygen or ammonia (Felten et al., 2013, McEvoy et al., 2013, Singh et al., 2013). As previously 

mentioned, one of the most aimed functionalization of CNTs consists of grafting oxygenated 

groups such as alcohols or carboxylic ones, not only to improve the wettability and, as a 

consequence, the stability in polar solvents, but also as a first step to introduce further molecules 

which can find –OH and –COOH as their most suitable reaction partners. 

In order to achieve the targeted functionalization, a wide range of feed gases has been 

explored and investigated. Zhao et al. (2012) reviewed the application of an Ar or Ar/O2 mixture 

as the feed gas in order to introduce some oxygenated functionalities on the surface of CNT 

forests. They reported that the CNT surface may reach a saturation level in terms of the amount 

of O2 that can be introduced. Chen et al. (2009) also confirmed this phenomenon must be taken 
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into account. Consequently, the authors made the assumption that the CNT surface can reach a 

specific level of saturation due to the oxidation level and the molecular steric hindrance. 

Interestingly, Zhao and his coworkers (Zhao et al., 2012) found out that an Ar/O2 mixture 

is more efficient in introducing the targeted functionalities than an O2 one. The possible 

explanation is related to the role of Ar which may be able to enhance the quantity of active 

oxygen present in the plasma environment. Nonetheless, oxygen or an oxygen and argon mixture 

are not the only feed gases which have been investigated for the purpose. Hussain et al. (2012) 

observed that water can possibly introduce some oxygenated groups even though high pressure 

may be a drawback since a layer of water can be formed on the surface, preventing the action of 

ions and radicals to be efficient. 

However, it is complex to assess which plasma feed gas is the most suitable for a specific 

purpose since many parameters are involved varying from the gas partial pressure to the 

treatment time, plasma power and plasma work pressure.  

Furthermore, the reactivity of the free radicals generated across the surface of the 

graphene materials has not been studied to date. The assessment of the reactivity of these groups 

is primordial to expand manufacturing routes and to ultimately prove the advantages of the 

plasma technique compared to a classic acid treatment. 

2.2.3.4.  CO2 Separation using MOFs 

Porous materials are used for separating mixtures of gases or liquids in applications 

including O2 and N2 separations from air, removal of volatile organic compounds, and CO2 

capture. For CO2 capture in particular, adsorbents should be chemically stable, low-cost, easy to 

prepare, and regenerable. Thermodynamic effects (adsorbate-adsorbate and/or adsorbate-

adsorbent interactions) and kinetic effects (differences in diffusion rates of different components 

in a gas mixture) impact adsorption processes (D'Alessandro et al., 2010). Since MOFs provide 
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high specific surface area and tailorable pore structures, they provide advantages over many 

other porous materials used in separation applications, possibly negating their relatively high 

costs and warranting additional investigations. 

2.2.3.5.  MOFs with high selectivity for CO2 adsorption 

MOF properties can be tuned by selecting appropriate metal ions and organic linkers, 

enabling them to be tailored for specific adsorption applications. MOFs have 3D structures and 

most have high surface areas (up to 5,000 m
2
/g) (D'Alessandro et al., 2010), comparable or even 

higher than activated carbon and zeolites. Yaghi et al. (Millward and Yaghi, 2005) completed the 

first systematic study linking CO2 capacity and MOF surface area, showing that high surface 

area MOF-177 has high CO2 capacity at high pressures (60.0 wt% at 35 bar). The same group 

identified the impact of metal ions on CO2 adsorption by varying the properties of MOF-74. 

Breakthrough experiments showed that Mg-MOF-74 captures 96% more CO2 than Zn-MOF-74 

because of different metal ion-CO2 interactions. The presence of open metal sites in MOF 

structure provides a mechanism for the separation of (quadru) polar/non polar gas pairs such as 

CO2/CH4. It was reported that selective adsorption of CO2 is due to the coordination of CO2 to 

the metal ion in an end-on fashion, i.e., O==C==O…Cu
2+

 (D'Alessandro et al., 2010). 

Accordingly, MOF-199 (called also HKUST-1, or Cu3 (BTC)2) which consists of paddlewheel 

Cu2(COO
-
) units connected through btc3-ligands offers this feature. During the synthesis of 

MOF-199, solvent molecules bound on the axial sites of each Cu
2+

 metal center which will be 

removed in vacuum at elevated temperatures, creating open binding sites for guest molecules. In 

fact, these sites act as charge-dense point charges, which selectively separate component of gas 

mixtures based on their polarity, dipole or quadrapole moment (Sumida et al., 2012). Also the 

metal type plays a significant role for tuning and optimizing the adsorptive properties of the 

isostructural frameworks. Dietzel et al. (2009) examined the influence of metal center on the 
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capacity and selectivity of [M2 (dobdc) (H2O)] towards CO2 and reported the highest adsorption 

capacity for [Mg2 (dodbc)] which is more than double of any other metal ions in the framework 

(e.g. M= Mg, Mn, Fe, Co, Ni, Zn). Similarly, different organic linkers can be applied to change 

the porosity and structure of MOFs. Furukawa et al. (2010) modified the structure of MOF-177 

by using an expanded organic linker, obtaining MOF-200 with 35, 19, and 63% higher surface 

area, porosity, and CO2 capacity at 25° C and 50 bar, respectively. 

Since CO2 capture from flue gases is most practical at ambient pressure, increasing low 

pressure CO2 capacity of MOFs should be investigated. Currently, the best reported MOF for 

ambient pressure CO2 adsorption is Mg-MOF-74 (Britt et al., 2009), which has available Mg
2+

 

sites that allow for a CO2 capacity of 35.2 wt% at 298 K and 1 bar. The open metal sites are 

essential for achieving high capacities. Since actual flue gas streams contain only 10-12 wt% 

CO2, selectivity for CO2 and against other gases (e.g., N2, O2 and H2O) is essential (Simmons et 

al., 2011). 

2.2.3.6.  The binding nature of CO2 in MOFs 

Past research identifies unsaturated metal centers (UMCs) as CO2 binding sites on Mg-

MOF-74 and MOF-199 because of enhanced electrostatic interaction with CO2 molecules (Wu et 

al., 2010). CO2 molecules bind to Mg
2+

 sites in Mg-MOF-74. For MOF-199, CO2 molecules bind 

to Cu
2+

 sites at low CO2 concentration, while pore filling in small cage windows is the 

adsorption mechanism at high CO2 concentrations. (Wu et al., 2010). Most often, accessible 

small cages and channels in the MOF structure interact with CO2 molecules via van der Waals’ 

interactions (Wu et al., 2010). Cho et al. (2012), measured the heat of CO2 adsorption on Co-

MOF-74 and reported a sharp decrease with increasing CO2 loading. This behavior indicates that 

for low CO2 concentrations, CO2 preferentially binds to energetic adsorption sites (open metal 

sites), while for high CO2 loadings, these sites are saturated and adsorption proceeds by small 
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cage window filling (Vaidhyanathan et al., 2009, Bao et al., 2011, Cho et al., 2012). A large 

number of MOFs has been investigated experimentally for CO2 adsorption and other gas 

separations, as summarized in Table 2-2. The results are collected at ambient temperature, with 

pressure ranging from low pressure (<1.2 bar) to atmospheric pressure. Low temperature and 

pressure adsorption is mainly controlled by chemical feature of surface, whereas high pressure 

adsorption isotherms are mostly influenced by the surface area of MOFs. The focus of this work 

will be on CO2 adsorption at ambient temperature and pressure, which most resembled to post 

combustion CO2 capture application (at ~ 1 bar). 
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Table 2-2. Low pressure CO2 adsorption capacities for MOFs 

Material Common 

name 

BET 

surface area 

(m
2
/g) 

Uptake 

Temp (°C) 

Pressure 

(bar) 

Adsorption Capacity 

(wt %) 

Reference 

Zn/DOBDC
* 

 816 23 1 5.8 (Caskey et al., 2008) 

Mg/DOBDC  1,495 23 1 23.6 (Caskey et al., 2008) 

Ni2 (dobdc)
* 

Ni-MOF-74, 

CPO-27-Ni 

936 25 1 23.9 (Yazaydın et al., 2009) 

Ni2 (dobdc) Ni-MOF-74, 

CPO-27-Ni 

1,070 23 1 22.6 (Caskey et al., 2008) 

Zn2 (dobdc) Zn-MOF-74, 

CPO-27-Zn 

 23 1 19.8 (Yazaydın et al., 2009) 

Co2 (dobdc) Co-MOF-74, 

CPO-27-Co 

957 25 1 24.9 (Yazaydın et al., 2009) 

Zn4O (BDC-NH2)3 IRMOF-3 2,160 25 1.1 5.1 (Millward and Yaghi, 2005) 

Mg(tcpbda)
* 

  25 1 6.5 (Bao et al., 2011) 
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Cu3(BTC)2
* 

HKUST-1 934 22 1 12.5 (Xie et al., 2012) 

Zn4O (BDC)3 MOF-5, 

IRMOF-1 

2,304 23 1 8.5 (Zhao et al., 2009) 

Zn(IDC)
* 

IMOF-3 802 25 1 8.6 (Debatin et al., 2010) 

Cr3O(H2O)2F(BDC)3 MIL-101(Cr) 2,674 46 1 4.2 (Chowdhury et al., 2009) 

Cu2(bptc)(H2O)2(DMF)3
* 

MOF-505 1,547 25 1.1 12.6 (Millward and Yaghi, 2005) 

Al(OH)(bpydc) MOF-253 2,160 25 1 6.2 (Bloch et al., 2010) 

Ni2(pbmp)
* 

Ni-STA-12  31 1 9.9 (Miller et al., 2008) 

Zn4O(BDC-C2H4)3 IRMOF-6 2,516 25 1.2 4.6 (Millward and Yaghi, 2005) 

In(OH)(BDC) MIL-53(Al), 

USO-1-Al 

1,300 25 1 10.6 (Arstad et al., 2008) 

Ni2(BDC)2 (DABCO)
* 

USO-2-Ni 1,925 25 1 10 (Arstad et al., 2008) 

Cu3(BPT)2 UMCM-150  25 1 10.2 (Yazaydın et al., 2009) 

*
BDC: benzenedicaboxylate, BPT: Biphenyl-3,4′,5-tricarboxylate, DOBDC: 2,5-dihydroxyterephthalate, tcbpda: N,N,N',N'-

tetrakis(4-carboxyphenyl)biphenyl-4,4'-diamine, BTC: 1,3,5-benzenetricarboxylic, IDC: imidazole-4,5-dicarboxylate, DMF: N,N 

dimethyl formamide, bpydc: 2,2′-bipyridine-5,5′-dicarboxylic, pbmp: N,N′-piperazinebismethylenephosphonate, DABCO: 1,4-

diazabicyclo[2.2.2]octane 

http://www.sigmaaldrich.com/catalog/product/aldrich/714747
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2.3.  Microwave Sensing 

2.3.1.  Introduction 

Low cost and highly selective sensors with the capability to sense trace amounts of gases 

have become indispensable for environmental monitoring in gas phase (e.g. carbon level 

emission, volatile organic compound emission, indoor air quality), and biomedical and industrial 

applications (Nayak et al., 2015). One of the significant application of such sensitive sensors can 

be in CO2 level detection in atmosphere.  

On the other hand, as stated earlier, adsorption of CO2 onto a solid adsorbent is one of the 

promising methods to efficiently reduce CO2 emissions. In order to make it more economical and 

sustainable, the adsorbent needs to be regenerated after each adsorption cycle. Hence, the 

adsorbent recovery becomes important where it needs information about when to replace the 

adsorbent and manage the process economically. CO2 sensors can provide such information by 

monitoring changes of carbon dioxide concentration in the gas stream. The most common 

approaches in CO2 sensor technology is based on infrared (IR) spectroscopy and gas 

chromatography. Unfortunately these devices are bulky and have expensive readout circuitry 

with high chances of interference from CO, as CO has similar absorption in the same IR range 

(Lübbers and Opitz, 1975, Leiner, 1991). Other major CO2 sensors work based on chemical 

reaction between the CO2 gas and the sampling module of the sensor such as polymer membrane 

or porous adsorbents (Wang et al., 2014). The main function in these sensors is recognition of 

the CO2 molecule and transduction of this recognition into a readable signal. This signal can be a 

change in parameters such as pH, resistance, conductivity, or capacitance of the system. Among 

them, capacitive sensors show great potential for CO2 monitoring. They monitor the change in 

the permittivity of a material as a function of the concentration of the target gas (Wark et al., 
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2003, Wagner et al., 2013). Microwave sensors work based on the interaction between 

electromagnetic waves and testing materials. The incident waves may be affected by the test 

object via attenuation, reflection or change in its velocity. The variation in transmitted and 

reflected microwave powers is specific for each material (Zarifi et al., 2015). In this concept, 

microwave resonator sensors draw more attention due to their low-cost, robust, non-destructive, 

sensitive, and long life-time features (Ebrahimi et al., 2014, Korostynska et al., 2014, Afshar et 

al., 2015, Ateeq et al., 2016, Wang et al., 2016, Zarifi et al., 2016). 

The microwave sensor is capable of monitoring changes in the dielectric properties of its 

vicinity through measuring variation of resonant frequency (fr), at which the maximum power 

transmission occurs. Dielectric properties of material includes dielectric constant (’), and loss 

factor (”) (Zarifi et al., 2015). Dielectric constant is a measure of substance’s ability to be 

polarized by an electromagnetic filed, and loss factor is the material’s ability in converting the 

absorbed energy into heat (Cherbański et al., 2011). 

2.3.2.  Microwave sensing application  

Microwave sensors have been utilized in environmental applications in different media, 

e.g., solid, liquid and gas. Cheng (2014) used an integrated microwave resonator sensor to 

monitor the temperature in harsh environment (above 1000 °C). The temperature was monitored 

by measuring the changes in resonant frequency of microwave resonator, which in fact depends 

on the substrate (alumina) permittivity. Liancheng and his coworkers (Liangcheng et al., 2013) 

using microwave sensor determined the moisture content in bio-filter media, e.g., wood chips 

and composts. The impedance of the bio-filter media was directly measured using an impedance 

analyzer and interpreted as a predictor of moisture content. Microwave sensors have also been 

used to detect water pollution in underground pipelines using the difference between dielectric 
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properties of fresh and contaminated water (Abdelgwad, 2014).  McGrath et al. (2006) developed 

a microwave carbon nanotube resonator sensor which was capable of monitoring traces of 

ammonia. Upon exposure to the gas, the shift in resonance frequency indicates the presence of 

gas, which achieved a sensitivity of 4000 Hz/ppm for ammonia. Sohrabi et al. (2014) proposed a 

new method to detect concentrations of volatile organic compounds such as ethanol and acetone 

by using a deposited swelling polymer (polydimethylsiloxane; PDMS) film on top of a micro-

strip ring resonator. In their work, changes in the PDMS thickness and permittivity were detected 

by a shift in the resonance frequency of the resonator. 

2.3.3.  Material-assisted sensors 

Recently, various sensitive materials (e.g. amino groups, modified silicates, and metal-

oxide semiconductors (MOS)) have been investigated for the use in mass sensitive and 

capacitive CO2 sensors which work based on sensing of changes in material properties due to 

chemical interaction between target gas and material. However, they come with disadvantages 

such as long response time, the poor reversibility and sensitivity, and high temperature 

requirement (200-400 °C) (Stegmeier et al., 2009, Yamagiwa et al., 2014). In a new approach, 

MOFs have been investigated for sensor applications due to their tunable nanoporosity and high 

surface area. The connection of metal ions with organic linkers in the framework creates a 

regulated nanospace, where guest molecules can be incorporated into it through molecular 

sieving effect, π-π interaction, hydrogen bonding and electrostatic interaction (Yamagiwa et al., 

2014). The combination of MOFs with a transducer (e.g., cantilever, quartz-crystal microbalance 

(QCM)) has been reported as sensing materials with high detection sensitivities (Goeders et al., 

2008, Ameloot et al., 2009). However, due to the difficulty of loading MOF crystals onto the tiny 

region of such tools (Xu et al., 2014), new approaches such as MOF coating and seeding growth 
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on the sensor surface have been developed (Ameloot et al., 2009). In a research by Ameloot et al. 

(2009), MOF-199 was coated on pure copper electrodes through electrochemical formation, and 

integrated with QCM. The as-synthesized MOF-based microsystem was used as a humidity 

sensor working based on the changes in vibration frequency of a piezoelectrically driven quartz 

crystal upon water vapor adsorption. The well-known MOF-199 structure was chosen because of 

highly stable bimetallic tetracarboxylate arrangement as well as its good water sorption capacity 

(25-30 wt %)  (Ameloot et al., 2009). Zhuang et al. (2013) developed a new method for practical 

gas sensors on textiles by ink-jet printing of MOF-199. The printed patterns of MOF-199 have 

the unique properties of fast colour change upon exposure to different gases, as it was shown to 

change colour from turquoise to dark blue, yellow, and brown after exposure to NH3, HCl, and 

H2S vapour respectively (Zhuang et al., 2013). In addition to aforementioned unique properties 

of MOF-199 for sensor application, in MOF-199 (or Cu3 (BTC)2), the Cu
2+

 ions are accessible 

coordination sites with high potential for biding to other molecules, whereas in many MOF 

structures (e.g., MOF-5), the coordination sites of the metal ions are blocked by the ligands 

(Biemmi et al., 2007). Also MOF-199 offers a rapid interaction of multivalent metals with 

quadrupolar CO2 molecule (Gutiérrez-Sevillano et al., 2013). 

It should be noted that, in spite of remarkable properties of MOFs, their application for 

sensing function is still in its infancy. Hitherto, we do not have any MOF-based gas sensors 

acceptable for the sensor market. New approaches to MOF film deposition and sensor fabrication 

are required to improve the reproducibility and make them suitable for long-term applications. In 

this work we integrated MOF-199 (as highly applied in sensor applications) with a new designed 

microwave resonator sensor to evaluate its function for CO2 detection and monitoring. 
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CHAPTER 3. ENHANCING CO2 ADSORPTION VIA AMINE 

IMPREGNATED ACTIVATED CARBON FROM OIL SANDS 

COKE 

 

3.1.  Introduction 

Large-scale CO2 control is essential to minimize global impacts associated with climate 

change (Chang et al., 2003, Zhang et al., 2010). The concentration of CO2 in different gas 

streams varies from about 13% in coal-fired power plant flue gas to about 60% in hot stove gas 

in steel welding process (Xiaochun Xu and Bruce G. Miller, 2003). CO2 capture and 

sequestration is a potential approach to reduce CO2 emissions (Xu et al., 2002). Cryogenic 

processes, membrane separation, chemical absorption, and adsorption have been investigated in 

the literature for CO2 capture. In particular, chemical absorption with amines (wet scrubbing) is 

currently being implemented on industrial scale for CO2 capture (Zhang et al., 2010, Ko et al., 

2011, Khalil et al., 2012, Pipatsantipong et al., 2012). While effective at capturing CO2, wet 

scrubbing is energy intensive (R. Veneman et al., 2013), and suffers from corrosion, solvent 

leakage, and limited amine availability in the aqueous phase due to poor solubility (Franchi et al., 

2005). To remedy these problems, liquid amines are added to solid supports (Xu et al., 2002). 

These materials modify the fundamental CO2 control mechanism by incorporating amines that 

are typically used for absorption into adsorbents, benefiting from the high CO2 capacity of 

amines but limiting the challenges associated with liquid absorbents. 

Solid sorbents use physisorption or chemisorption to capture CO2 (Ko et al., 2011). 

Tested sorbents for CO2 capture include zeolites (Chatti et al., 2009), activated carbons (Saha 

and Deng, 2010), calcium oxides (Lee et al., 2008), hydrotalcites (Hutson et al., 2004), metal 
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organic frameworks (Walton et al., 2007), amino-polymers (Yang et al., 2010), and organic-

inorganic hybrids (Alauzun et al., 2005). Zeolites, activated carbons, and organic-inorganic 

hybrids operate at room temperature, while the others require temperatures > 100C (Choi et al., 

2009, Ko et al., 2011). Although Zeolite 13X outperforms other adsorbents at atmospheric 

pressure and dry conditions, it requires stringent moisture control and high temperature 

regeneration (300 – 400 °C) (Franchi et al., 2005).  

Activated carbon (AC) is a widely used adsorbent because it is inexpensive, is physically 

stable in acidic and/or basic solutions, has modifiable pore structure and surface chemistry, and 

can, often, be regenerated at low cost (Gray et al., 2004). AC precursors can be any organic 

material such as coal, wood, and fruit/nut shells (Hu and Srinivasan, 2001, Kang et al., 2011, Foo 

and Hameed, 2012, Zhang et al., 2012). Oil sands coke in the Athabasca basin, produced as a by-

product of bitumen upgrading, is readily available at low cost and has high carbon content 

(approximately 80 – 85% by weight) (Small et al., 2012), making it a suitable precursor for AC 

production. 

Upgrading oil sands bitumen requires a complex thermal treatment and produces coke as 

a byproduct (Fedorak and Coy, 2006). Current estimates indicate a total of 1 billion m
3
 of coke 

production over the lifetime of oil sands operations in Alberta. Most of the coke is currently 

stockpiled on-site, and only small quantities are consumed as fuel for steam and electricity 

generation (Furimsky, 1998). However, the use of coke as a fuel cannot keep up with the rate of 

coke production. In addition, coke combustion produces CO2, promoting the stigma associated 

with the CO2-intensive oil sands operations. Hence, there is a need for better management and 

use for stockpiled coke. Transforming this waste into AC provides a solution to both waste 

management and CO2 capture needs. 
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Additionally, the high nitrogen content (1.6 wt%) of this material compared to other AC 

precursors (Plaza et al., 2007, Dong-Il Jang and Park, 2011), makes the produced AC basic and 

preferred for acid gas adsorption. This is due to the incorporation of pyridine-like nitrogen 

functionalities in the carbon structure during high temperature activation (up to 950 °C) 

(Bandosz, 2006, Sullivan et al., 2012, Zhang et al., 2012). Also according to previous 

investigation (Chen and Hashisho, 2012), delayed coke could yield AC with higher surface area 

than fluid coke (1063 vs. 658 m
2
/g), hence delayed coke was used as precursor in this study. 

Modification of a carbon’s surface chemistry, including oxidation, amination, 

sulfonation, bromination, and metal impregnation, impacts its adsorption properties (Ugarte and 

Swider-Lyons, 2005, Lee et al., 2013). For acid gas adsorption, including CO2, increasing the 

basicity of the adsorbent through amination is expected to increase its capacity for the 

contaminant (Lee et al., 2013).  

Impregnation with low molecular weight amines, including diethanolamine (DEA), 

methyl-diethanolamine (MDEA), and tetra-ethylene pentamine (TEPA), can accomplish this 

goal (Heydari-Gorji et al., 2011). The choice of the impregnant depends on process and material 

parameters including amine size and molecular weight, adsorbate dimensions and potential for 

steric hindrances, adsorbent pore size distribution, and regeneration conditions (Rivera-Tinoco 

and Bouallou, 2010, Tontiwachwuthikul et al., 2011).  

Traditionally, monoethanolamine (MEA) is used for CO2 absorption because it has the 

lowest molecular weight and the highest theoretical CO2 absorption capacity (9.09 mmol CO2/g 

of absorbent (Rivera-Tinoco and Bouallou, 2010)). This theoretical capacity, however, has not 

been achieved in practice due to corrosion of scrubber vessels and ductwork in amine plants 

caused by amine degradation (Veawab et al., 1999) Different types of amine modified adsorbents 
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have been studied. Yue et al. (2006) used SBA-15 and modified it with TEPA. The highest 

adsorption capacity achieved was 3.43 mmol CO2/g adsorbent at 50 wt% and 100C. DEA is 

also commonly used because it has a lower vapor pressure than MEA and is less susceptible to 

volatilization (Kamarudin and Mat, 2009). TEPA, on the other hand, is a weaker base than DEA, 

and its weakened N-H bond allows for regeneration under less intense conditions (e.g., lower 

temperatures, lower pressures) (Bonenfant et al., 2003). 

In this work, a unique AC was prepared from waste oil sands coke and was then modified 

with different amines (DEA, MDEA, and TEPA). The aim of this work was to evaluate the 

modified oil sands AC for CO2 adsorption as, to the best of our knowledge, systematic studies 

investigating CO2 capture using AC prepared from this unique waste precursor have not been 

reported. Also, the impact of preparation and processing parameters, including amine loading, 

adsorption temperature, and humidity, on the CO2 capture capacity of the amine-impregnated 

samples were studied. 

3.2.  Experimental Section 

3.2.1.  Activated Carbon Preparation 

Delayed oil sands coke, a by-product of bitumen thermal cracking, was provided by 

Suncor Energy. KOH (ACS grade, Fisher scientific) was used as activation agent. 

Diethanolamine, methyl-diethanolamine and tetra ethylenepentamine (reagent grade, Sigma 

Aldrich) were used for impregnation. 

Delayed coke was ground, sieved (180-212 µm), and dried overnight at 110 °C (Chen 

and Hashisho, 2012). KOH (dissolved in H2O) was used as activation agent and was mixed with 

an equal mass of dry coke. The mixture was heated at 110
o
C until all water evaporated. 25 – 30 g 

of the dried powder was added to a crucible covered with glass wool, and placed in a quartz 
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reactor (inner diameter = 2.6 cm, height = 20 cm) purged with 500 ml/min of humidified N2. Dry 

nitrogen passed through an impinger containing water before purging the activation reactor. The 

sample was heated for 20 min in a 2.45 GHz multimode microwave applicator (Kenmore, 

721.80602) with 800 W nominal power output. After activation, the product was washed with 

water and 1 M hydrochloric acid to remove KOH, and then was dried overnight at 110
o
C before 

use. 

3.2.2.  Amine Impregnation 

DEA, MDEA, and TEPA were added to the activated carbon prepared from delayed 

coke. Different amounts of each amine were dissolved in 20 ml of water (based on activated 

carbon pore volume and amine loading) and added to a beaker containing 5 g of activated 

carbon. The theoretical amount of amine loading on the support is defined by equation 1 (Choi et 

al., 2009, Lee et al., 2013): 

Maximum Percentage of amine 

impregnated on a support 

=  Pore volume of support ×  Density of amine × 100  

(eq. 1) 

The slurry was stirred in a rotary evaporator (Brinkman-RE120) for 2 h at 40C before 

separation by vacuum filtration. Prepared materials were dried at 110C before use and stored in 

a desiccator afterwards.  

Amine loading was quantified with acid titration (Cummings et al., 1990). Each amine 

solution was titrated with hydrochloric acid (1 M) before and after impregnation. Free amine 

concentration was determined based on the volume of consumed acid [45], and difference in 

basicity of amine solution before and after measurements was attributed to uptake by the 

activated carbon.  
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3.2.3.  Materials Characterization 

3.2.3.1.  Iodine number 

The iodine number of prepared activated carbon was determined following American 

Society for Testing and Materials method D4607 (ASTM, 2006) and interpreted as the amount of 

iodine adsorbed (in mg iodine / g adsorbent) at a residual iodine concentration of 0.018 N. 

3.2.3.2.  Nitrogen adsorption 

Nitrogen adsorption isotherms were obtained at 77 K using a surface area analyzer 

(Quantachrome Instruments, Autosorb-1MP). Prior to the measurement, samples were degassed 

at 120C (atmospheric pressure) for 5 h. Specific surface area and micropore volume were 

determined from the N2 adsorption isotherm using the Brunauer-Emmett-Teller (BET) equation 

and the V-t method, respectively. The pore size distribution was determined using density 

functional theory (DFT) for slit-shaped pores (Bandosz, 2006, Dunne and Manos, 2010), and 

total pore volume was recorded at p/p0 = 0.95 (Zhang et al., 2010). The average pore diameter 

(DP) was calculated as DP = 4 VP/SBET, assuming cylindrical shape pores, where Vp and SBET are 

the pore volume and BET surface area of the material. 

3.2.3.3.  Bulk and surface elemental composition  

The bulk composition (carbon, hydrogen, nitrogen, sulfur, and oxygen) of prepared 

samples was characterized using a CHNS elemental analyzer (Vario MICRO). Oxygen in the 

sample is determined by mass difference (100% – C wt% – H wt% – N wt% – S wt%), assuming 

that ash content is negligible (Thompson, 2008). The method detection limits are: carbon, 0.25%, 

nitrogen 0.25%, hydrogen 0.25%, oxygen 0.25% and sulfur 0.27%. 

The surface composition of prepared samples was characterized using X-Ray 

Photoelectron Spectroscopy (XPS, Kratos AXIS 165) with Mono Al Kα radiation at 210 W and 

14 kV, under ultrahigh vacuum (10
-9 

Torr). Spectra were calibrated to a C1s peak location of 
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284.5 eV. The method detection limit is 0.1%. Casa XPS Software was used to process the XPS 

scans and the results were reported in terms of weight concentration (%wt.). The weight 

concentration of each element was calculated based on its atomic percentage multiplied by its 

atomic mass, divided by the summation of weight concentration of other elements in the 

compound. 

3.2.3.4.  pH at point of zero charge 

The pH value of the point of zero charge (pHPZC) for delayed coke and activated delayed 

coke was measured with a pH meter (OAKTON pH700). 2 wt% carbon in deionized water was 

stirred for > 24 h. The pH measurements were conducted in duplicates and the average was 

reported as the pHPZC for that material (Atkinson et al., 2013). 

3.2.4.  CO2 adsorption experiment 

The prepared sorbents were screened for CO2 adsorption performance using a thermo-

gravimetric analyzer (TGA/DSC 1, Mettler Toledo). 10 mg of sample was placed in an alumina 

crucible, heated at 10° C/min to 120C in 100 mL/min N2, and then held at this temperature for 

30 min to remove water vapor. The temperature was then ramped down to the adsorption set-

point at 10C/min, and the sample was held at this temperature until a stable weight was reached, 

at which point the gas was switched to 200 mL/min of 99.99% CO2 mixed with 100 mL/min of 

N2 (66.6% CO2 in N2). Different adsorption temperatures (40, 50, 60 and 75C) were tested 

based on previous studies (Pirngruber et al., 2009, Khalil et al., 2012) to achieve optimum 

temperature for CO2 adsorption. 

The adsorption capacity was determined in mmol of adsorbate (CO2) / g of adsorbent. In 

order to evaluate the stability performance of impregnated samples, 15 adsorption-regeneration 

cycles were completed on the sample with the highest CO2 adsorption capacity. Adsorption was 
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followed by regeneration in the TGA at 110 C (heating rate of 10 C/min) in 100 mL/min of N2 

(99.999%). 

To study the adsorption behavior of impregnated samples at CO2 levels closer to those in 

the flue gas, adsorption tests were also completed at a lower concentration of CO2 (20% CO2 in 

N2) obtained using a flow of 50 mL/min of 99.99% CO2 and 200 mL/min of N2. In order to 

measure the effect of humidity on adsorption behavior of samples, breakthrough tests were 

completed. The adsorption setup consisted of an adsorption tube, a power application module, 

and a data acquisition and control system (DAC) (Figure 3-1). Further information about the 

adsorption setup is available elsewhere (Lashaki et al., 2012). 2 g of as-prepared or amine-

impregnated activated carbon was added to a stainless steel tube (inner diameter = 0.88 cm, 

length = 10.16 cm), with glass wool at the top and bottom. The adsorption feed gas (20% CO2 in 

dry N2) was humidified (to 0 – 40% RH as discussed in section 3.3.4. ) by water injection using a 

syringe pump and introduced into the adsorption tube at 0.25 SLPM. Effluent CO2 was analyzed 

every 20 seconds for 10 min using Gas Chromatography-Thermal Conductivity Detection (GC-

TCD). Adsorption experiments were completed at 50C, measured with a 0.5 mm outer diameter 

thermocouple in the center of the adsorbent bed and the adsorption tube was wrapped with a 

heating tape to maintain the adsorption temperature. A DAC system that included a LabVIEW 

program (National Instruments) and a proportional-integral-derivative algorithm controlled 

power application to the heating tape to maintain the tube at 50 °C during adsorption. 
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Figure 3-1. Schematic diagram of CO2 adsorption set-up 

3.3.  Results 

3.3.1.   Raw and activated delayed coke 

Physical, chemical, and N2 adsorption properties of the raw delayed coke and the 

activated delayed coke are described in Table 3-1. Activation vastly increases the pore volume 

and specific surface area of the product, making it a potentially effective adsorbent for gas-phase 

applications. This is consistent with the literature for microwave activation of raw delayed coke 

(Chen and Hashisho, 2012). Comparing to commercial activated carbons with a range of surface 

area (846-1943 m
2
/g) (Houshmand et al., 2012, Siriwardane et al., 2001, Sun et al., 2007, Pevida 

et al., 2008) our prepared AC possess reasonable surface area (SBET= 1068 m
2
/g) for this 

application. 
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During activation, volatile components are released from the precursor, generating a 

small degree of porosity inside the carbon structure. KOH reactivity within the high carbon-

content structure removes reactive carbon sites during activation, generating micropores that 

vastly increase the surface area and pore volume of the product (Marsh and Rodriguez-Reinoso, 

2006, Chen and Hashisho, 2012) (Table 3-1). Carbon burn-off yields CO and CO2 and is 

governed by diffusion control, burning the carbon only on the surface of particles and not in the 

bulk (Bandosz, 2006). Accordingly, upon activation the carbon content on the surface decreased 

from 87 to 84.4%.  

The nearly 50x higher iodine number for the activated material compared to the raw coke 

also suggests strong adsorption performance in applications that require large micropores / small 

mesopores. 

Table 3-1. Physical and chemical properties of raw and activated delayed coke 

  Raw delayed oil 

sands coke 

Activated carbon 

Bulk composition, CHNS 

analysis (%wt.) 

N 1.4 1.6 

C 82.3 87.4 

H 3.7 1.0 

S 6.8 1.4 

O 5.8 8.6 

Surface composition, XPS 

(%wt.) 

N 0.9 1.4 

C 87.0 84.4 

K 0.0 1.7 

O 6.5 10.9 
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S 4.0 0.8 

Si 1.6 0.8 

 

Relative surface nitrogen content of the AC (Table 3-1-XPS results) increased from 0.9 to 

1.4 wt% following activation and is quite high compared to many commercially available 

carbonaceous adsorbents (typically from 0.05 to 0.22 N%) (Xu et al., 2008, Liou, 2010). This 

increase is primarily attributed to the removal of acidic carbon/oxygen functionalities with the 

high temperature treatment, increasing the relative nitrogen content and basicity of the sample 

(Zhang et al., 2010). Nitrogen addition through high temperature reactions between the carrier 

gas and the carbon structure may also occur but is expected to be minor (Bandosz, 2006). This 

trend is confirmed by pHPZC results for delayed coke and AC. Activation increased the pHPZC 

from 7.1 to 9.6, indicating that basic functional groups are present. To confirm the presence of 

pyridine and pyrrolic functional groups upon activation, the XPS spectra with corresponding 

nitrogen peak models for delayed coke as well as AC is presented in Figure A1. Peaks at 398.2 

and 399.5 eV correspond to pyridine-like and pyrrole-like nitrogen, respectively. Graphitic 

nitrogen is present at 401.1 eV, and the high energy peak at 402.6 eV is attributed to oxidized 

nitrogen (Liu et al., 2015). Percentages of pyridinic, pyrrolic, graphitic, and oxidized nitrogen are 

summarized in X-ray Photo electron Spectroscopy Measurement (Appendix A) 

In a XPS spectrum, peak intensities of different elements correspond to their atomic 

percentage present in a sample. The atomic percentage of each element then can be easily 

converted to weight percentage by multiplying by its molecular weight.  

From Table A1, the total percentage of pyridinic and pyrrolic nitrogen increases by 17% 

after activation, which is consistent with pHPZC results that show a more basic material. 
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A comparison to other carbons in the literature indicates that this as-prepared AC 

compares chemically to carbons that have been tailored to have basic properties by high 

temperature ammonia treatment (Zhang et al., 2010). Removing the need for this post-

preparation modification step provides a significant advantage for activated carbons prepared 

from delayed coke. Also the relative carbon content in the bulk increased from 82.3 to 87.4% 

after activation, due to the loss of other elements such as sulfur. This is consistent with previous 

research (Lee and Choi, 2000) indicating sulfur loss when the activation of petroleum coke 

resulted in high surface area activated carbon. However, there was an increase in oxygen content 

from 5.7 to 8.6% upon activation possibly due to incomplete acid wash after activation, as traces 

of K was observed in XPS analysis after activation. 

 

3.3.2.   Impregnated activated carbon materials 

Table 3-2 describes the physical, chemical, and adsorption properties of the activated 

carbon samples impregnated with varying amounts of DEA, MDEA, and TEPA. Acid titration 

measurements showed that amine loading for AC-DEA samples ranged from 0.22 to 1.78 mmol 

N/g AC, while it ranged from 0.15 to 2.25 mmol N/g AC for AC-MDEA samples, and from 0.52 

to 2.85 mmol N/g AC for AC-TEPA samples (Table 3-2). Results from CHNS and XPS analyses 

support increased nitrogen content following impregnation with amines (Table 3-2). In general, 

these results show higher nitrogen content on the surface of the impregnated materials compared 

to the bulk, which might be attributed to diffusion limitations, especially for large amines. 

 

 

 



76 

 

 
 

Table 3-2. Physical, chemical and adsorption properties of raw and impregnated samples 

Sample Amine 

loading 

(mmol 

N/g AC) 

Iodine 

Number 

(mg/g) 

BET 

surface 

area 

(m
2
/g) 

Pore 

volume 

(cc/g) 

Micropore 

volume 

(cc/g) 

Average 

pore 

diameter 

(Å) 

N% 

surface 

N% 

bulk 

Raw delayed 

coke 

_ 22 2.70 0.00 0.00 - 0.90 1.40 

Activated 

carbon (AC) 

_ 1068 889.01 0.29 0.20 5.73 1.40 1.60 

AC-DEA 0.22 847 251.03 0.17 0.10 13.20 2.74 1.64 

AC-DEA 0.52 581 118.10 0.08 0.04 16.87 2.88 2.15 

AC-DEA 0.62 479 93.95 0.07 0.03 16.81 3.37 2.44 

AC-DEA 1.15 339 82.10 0.06 0.04 15.43 3.51 2.60 

AC-DEA 1.78 254 56.75 0.05 0.03 14.13 3.25 2.52 

AC-MDEA 0.49 631 273.00 0.16 0.14 15.75 2.22 1.08 

AC-MDEA 0.56 529 250.40 0.15 0.12 15.43 3.27 1.85 

AC-MDEA 2.14 343 168.30 0.10 0.07 15.04 2.59 2.58 

AC-MDEA 2.25 301 134.40 0.08 0.06 14.74 2.47 2.72 

AC-TEPA 0.52 501 102.00 0.04 0.02 21.53 4.85 3.11 

AC-TEPA 0.89 103 25.20 0.01 0.00 23.32 7.66 4.07 

AC-TEPA 1.03 291 71.00 0.02 0.00 23.60 5.15 3.18 

AC-TEPA 1.77 262 63.06 0.02 0.00 23.71 5.86 3.40 

AC-TEPA 2.85 86 17.60 0.03 0.00 29.54 9.99 4.46 
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For each type of amine, decreasing iodine numbers with increasing nitrogen loading was 

observed, which supports partial pore filling associated with nitrogen impregnation (Chang et al., 

2003). This result is consistent with the decrease in BET surface area and total pore volume 

(Khalil et al., 2012). Figure 3-2 presents pore size distribution of as prepared and impregnated 

activated carbon samples. Activated carbon is mostly (~69%) microporous while impregnation 

with amine results in lower microporosity. Samples impregnated with DEA (AC-DEA) have 

larger decreases in pore volume and surface area than samples impregnated with MDEA (AC-

MDEA). For example, samples with about 0.5 mmol N/g AC, BET surface area is 53% lower for 

AC-DEA compared to AC-MDEA. This may be because DEA (molecule diameter=3.75 Å) more 

readily fills the carbon’s micropores compared to the bulkier MDEA (molecule diameter= 8.81 

Å) (Yin et al., 2008). Therefore, despite having similar loadings, AC-MDEA (0.56 mmol N/g 

AC) has 300% higher micropore volume than AC-DEA (0.52 mmol N/g AC) (Figure 3-2) and is 

consistent with its average pore diameter (15.43 Å) which is less than the value for AC-DEA 

(16.87 Å). On the other hand, for the same range of amine loading, samples impregnated with 

TEPA (AC-TEPA) (molecule diameter=19.36 Å) have the lowest surface area. This might be 

due to steric hindrance effect of five amine molecules in TEPA structure and is consistent with 

average pore diameter results presented in  

 

 

Table 3-2 3-2. Loss of capacity via pore blockage must be balanced with adsorption 

improvements associated with the added chemical functionalities, as will be discussed in the CO2 

adsorption results (Section 3.3.3. ). 
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Figure 3-2. Pore size distribution of as prepared and impregnated activated carbon  

3.3.3.   CO2 adsorption performance 

The impact of amine loading on CO2 adsorption capacity was examined using screening 

tests in a TGA. These tests were conducted at a CO2 concentration that exceeds typical coal-fired 

power plants levels (Xiaochun Xu and Bruce G. Miller, 2003) to measure the maximum 

adsorption capacity of prepared materials. The CO2 adsorption capacity for all three sets of 

impregnated samples increased with amine loading then decreased, indicating that there is an 

optimum preparation condition. For AC-DEA, the maximum CO2 adsorption capacity is 5.63 

mmol CO2/g adsorbent, nearly 75% higher than the 3.3 mmol/g capacity of zeolite 13X (Bao et 

al., 2011) and almost 5 times higher than commercial AC impregnated with MEA (Khalil et al., 

2012) at the same condition, which occurs for a DEA loading of 1.15 mmol N/g AC. Beyond this 

point, it is hypothesized that additional amine added to the carbon blocks the internal pore 

structure, preventing the CO2 from accessing the amine that is added to the bulk of the structure 
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(Khalil et al., 2012). The unavailability of amine sites for CO2 adsorption could be attributed to 

agglomeration of amine, which causes diffusion limitations for CO2 to access the amine 

molecules (Srikanth and Chuang, 2012). Although the maximum amine loading can be achieved 

by filling almost all available pore volume of porous support with liquid amine (as discussed in 

section 3.3.2. ), the adsorption rate will decrease as diffusion through amine-filled pores would 

be significantly slower than through the empty pores (Fryxell and Cao, 2012).
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Figure 3-3. Adsorption capacity of (a) AC-DEA, (b) AC-MDEA and (c) AC-TEPA at 

different loadings. Adsorption completed at 66.6% CO2 in N2, 50 C temperature, and 

atmospheric pressure. Error bars indicate standard deviation of the mean of two sets of data 

In case of AC-MDEA (tertiary amine), the maximum CO2 adsorption is 1.58 mmol 

CO2/g adsorbent which occurs at amine loading equal to 0.49 mmol N/g AC. This amount is 

about one third of the maximum adsorption capacity of samples impregnated with DEA 

(secondary amine). The results here show that activated carbon impregnated with secondary 

amine is more prone to react with CO2 than with tertiary amine. This is in good agreement with 

previous reports suggesting that amine reactivity follows the order of primary  secondary  

tertiary (Xu et al., 2002, Ko et al., 2011, Lee et al., 2013). This trend can be attributed to the 

nature of reaction between CO2 and amine sites. Primary and secondary amines react directly 

with CO2 and produce ammonium carbamate through the formation of zwitterions (Zelenak et 

al., 2008, Ko et al., 2011). The amine’s lone electron pair first attacks the carbon atom in CO2 
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(forming a zwitterion), and then a second amine deprotonates the zwitterion to produce 

ammonium carbamate (Ko et al., 2011). Hence, the adsorption performance of carbons modified 

with primary or secondary amines depends on the amine’s ability to split or bind to the proton 

(Zelenak et al., 2008). Tertiary amines like MDEA follow a different mechanism in which CO2 

binds to the amine in the presence of H2O. The mechanism involves base-catalyzed hydration of 

CO2 to form bicarbonate (Donaldson and Nguyen, 1980, Ko et al., 2011). It is hypothesized that 

the adsorption capacity of AC-MDEA samples would increase if moisture were added to the gas 

stream. However, moisture has negligible effect on the adsorption capacity of DEA loaded 

supports such as zeolite 13X and MCM-41 (Franchi et al., 2005). 

Adsorption capacity of AC-TEPA sample, which is a sterically hindered amine composed 

of several primary and secondary carbons, is up to 84 and 45% lower than AC-DEA and AC-

MDEA, respectively (Figure 3-3). This is consistent with the literature, which describes steric 

hindrances causing amine isolation and preventing CO2 adsorption (Ko et al., 2011).  

The stability of AC-DEA sample with the highest CO2 adsorption capacity was studied 

through multi cycles with, each adsorption and subsequent thermal regeneration was considered 

as a cycle. As illustrated in Figure 3-4, the adsorption capacity of sample AC-DEA, with 1.15 

mmol N/g AC loading for the feed gas containing 66% CO2 in N2 after 15 cycles was found to be 

sufficiently close (within 14%) to the original one, following impregnation. The adsorption 

capacity in the first cycle was 5.63 mmol CO2/g adsorbent, and the capacity dropped only 14% 

(to 4.81 mmol CO2/g adsorbent) after 15 adsorption/ regeneration cycles. It is notable that other 

comparable studies (Mulgundmath and Tezel, 2010, Khalil et al., 2012) have shown 50 to 85% 

reduction in CO2 capture performance after one adsorption/regeneration cycle.  
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Figure 3-4. Working adsorption capacity of AC-DEA, with 1.15 mmol N/g AC loading for 

66% CO2 in N2 over 15 cycles of adsorption and regeneration. Adsorption completed at 66.6% 

CO2 in N2, 50 C, and atmospheric pressure regeneration completed at 110 C in 100 mL/min of 

N2 (99.999%. Error bars indicate standard deviation of the mean of two sets of data) 

3.3.4.   Effect of humidity on adsorption capacity of tertiary amine 

As discussed in the previous section, the mechanism of reaction between tertiary amine 

(MDEA in our study) and CO2 will accelerate in the presence of water. Therefore, the effect of 

water vapor on CO2 adsorption was studied, using breakthrough tests. The tests were completed 

in a stainless steel tube under dry and humid conditions for AC-MDEA samples.  

Figure 3-5 shows the effect of RH on CO2 adsorption capacity of AC-MDEA. Adsorption 

capacity reached a maximum with increasing RH to 20%, and then decreased. This behavior can 

be explained based on the relative amount of water vapor to CO2 in the feed stream. When the 

water vapor content of the feed stream is less than CO2 content, CO2 adsorption capacity will 
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increase with increases in water vapor concentration; however after it reaches the saturation 

point, the CO2 capture capacity decreases due to competition between H2O and CO2 on active 

sites. The increase in CO2 adsorption capacity by raising the water vapor content up to 20% can 

be attributed to catalytic effect of H2O on the reaction between CO2 and amine groups 

(Donaldson and Nguyen, 1980). Moreover, moisture stabilizes carbonate-like species by 

hydrogen bonding with adsorbed H2O, increasing the performance of the adsorbent (Donaldson 

and Nguyen, 1980). Although adsorption capacity of AC-MDEA samples increased up to 200% 

in the presence of 20% RH, their performance is 2.5 times lower than AC-DEA.   

Xu et al. (Xu et al., 2005) also reported that when water vapor concentration in the feed 

stream is less than that of CO2, CO2 adsorption capacity increases rapidly with increasing water 

vapor content, but when the water vapor concentration becomes higher than CO2 concentration, 

CO2 adsorption is inhibited in the presence of excess water. 
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Figure 3-5. Effect of moisture on CO2 adsorption capacity of MDEA-impregnated 

activated carbon. Adsorption completed at 20% CO2 in N2, 50 C temperature, and atmospheric 

pressure. Error bars indicate standard deviation of the mean of two sets of data 

3.3.5.   Effect of adsorption temperature 

CO2 adsorption capacity of amine-impregnated samples was quantified at 40, 50, 60, and 

75 C at 20% CO2 concentration in N2 using a stainless steel tube (Figure 3-6). For all three 

amines, the CO2 adsorption capacity increased from 40 to 50 C, but decreased with further 

temperature increases. Improvements at low temperatures are attributed to increased CO2 

diffusion to reactive amine sites, and decreased performance at higher temperatures is believed to 

be associated with the exothermic chemisorption process (Lee et al., 2011). In other words, there 

is an optimum temperature (50 C in this case) that balances diffusion limitations with 

reaction/thermodynamic limitations (Pipatsantipong et al., 2012). Lee et al. showed similar 
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trends in CO2 capacity with changing temperature, identifying an optimum adsorption 

temperature of 45 C (Lee et al., 2011).  
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Figure 3-6. Adsorption capacity of (a) AC-DEA, and (b) AC-MDEA samples at different 

temperatures, 20% CO2 in N2, and atmospheric pressure. Error bars indicate standard deviation 

of the mean of two sets of data 
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Note that adsorption capacity of amine-impregnated samples at room temperature was 

lower than the as-prepared activated carbon which is 1.34 mmol CO2/g adsorbent. According to 

Plaza et al. (Plaza et al., 2007), activated carbon has higher adsorption capacity than amine-

impregnated activated carbon at room temperature due to a higher contribution of physisorption, 

which is limited in the case of the modified sorbents due to pores blockage by amines. Maroto-

Valer et al. (Maroto-Valer et al., 2005) theorized that only pores < 1 nm are responsible for CO2 

uptake by physisorption. Since the amine coating blocks these narrow pores, amine impregnation 

is not the best approach for increasing the adsorption of CO2 at room temperature. It should be 

highlighted that other species in flue gas can be physically adsorbed into activated carbon, 

lowering its separation factor. To reach a higher separation factor, chemical adsorption is 

adopted to selectively separate target gas from flue gas (Xu et al., 2002). Hence, there should be 

a balance between physisorption and chemisorption contribution (Plaza et al., 2007). 

3.4.   Conclusion 

Oil sands coke was activated using microwave heating then impregnated with amines 

(DEA, MDEA, or TEPA). Evaluation of bulk and surface composition of the amine impregnated 

activated carbon indicated that most of the amine is deposited on the surface, which makes it 

more accessible for CO2 molecules. The amine impregnated activated carbons were tested for 

CO2 adsorption. In general, the surface area of the impregnated activated carbon decreased with 

increasing amine loading and the size of amine molecule.  

Comparing the adsorption performance of three amine types showed that secondary 

amine had the highest adsorption capacity followed by tertiary and bulky amines. AC-DEA 

samples had a maximum CO2 adsorption capacity of 5.63 mmol CO2/ g adsorbent for a DEA 

loading of 1.15mmol N/g AC. Further increase in amine loading resulted in a decrease in 
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adsorption capacity possibly due to the blockage of accessible volume of pores. Our best sample 

(with 5.63 mmol CO2/ g adsorbent capacity) experienced only 14% decrease in adsorption 

capacity after 15 cycles of adsorption- desorption, which makes this sample viable for multi-

cycle use. The experimental results also confirmed the enhancement of capture capacity of AC-

MDEA samples in the presence of 20% RH. The effect of temperature on adsorption capacity of 

amine modified samples was also investigated. For all three sets of amine impregnated samples, 

increasing temperature from 50 to 75 °C lead to a decrease in CO2 adsorption capacity. These 

results are encouraging because they show that oil sands coke can be readily transformed to a 

high surface area and selective adsorbent for CO2 which not only decreases the stockpile of a 

waste byproduct but also reduces the net greenhouse gases contribution of the oil sands 

operations. Our results demonstrated effectiveness of synthesized adsorbent for CO2 capture. 

Further studies will investigate adsorbent performance under more representative flue gas 

conditions. 
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CHAPTER 4. SYNTHESIS OF MESOPOROUS CARBONS FOR CO2 

ADSORPTION FROM OIL SANDS COKE USING KOH 

ACTIVATION WITH A MgO TEMPLATE  

4.1.  Introduction 

Activated carbon is widely used for gas adsorption due to its low cost, the variety of its 

pore structures and surface chemistry, and efficient regeneration (Bullin and Polasek, 1990, 

Aksoylu et al., 2001, Xiong et al., 2003, Gray et al., 2004, Gomes et al., 2008). In general 

applications of activated carbon, microporous structure plays an important role, but recently, 

mesoporous activated carbon has drawn increasing attention because it possesses a high pore 

volume and a wide range of pore size which increases the accessibility of pores for target 

adsorbate (Durá et al., 2016).  

The pore structure of carbons is mainly dependent on the carbon precursor and the 

activation/preparation methods. Therefore, significant efforts have been devoted to modifying 

the existing methods and finding suitable precursors to obtain activated carbon with higher 

specific surface area or larger mesopore volume (Yang and Qiu, 2010). One of the methods to 

produce mesoporous carbon is adding a template into the carbon precursor in the preparation 

step. In hard template techniques, the pores of inorganic template matrix are filled with carbon 

precursors to make a composite which is subsequently carbonized followed by acid treatment to 

wash out the inorganic template (Xia et al., 2010). A number of hard templates such as zeolite 

(Xia et al., 2011), silicate (Yoon et al., 2011) and colloidal particles (Woo et al., 2009) have been 

used which result in microporous, mesoporous and macroporous carbons, respectively. Soft 

templates such as calcium carbonate (Xu et al., 2010) and magnesium oxide (MgO) (Morishita et 

al., 2010) have also been used for this purpose.  
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Previous studies showed that microwave activation is a fast and effective way to promote 

the surface area and total pore volume of activated carbon (Chen and Hashisho, 2012, Gholidoust 

et al., 2017). Foo (Foo and Hameed, 2012) and Li (Li et al., 2016) have also reported that 

microwave heating is more effective than chemical treatment to optimize the pore structure of 

activated carbon. In fact, changes to the pore characteristics of carbon during activation depends 

on carbon burn-off which in turn depends on the activation temperature and time. Different 

agents have been used for this purpose including air, oxygen, carbon dioxide and steam. Air and 

oxygen have a fast and exothermic reaction with carbon, while steam and carbon dioxide react 

under endothermic condition which makes the carbon burn-off more controllable compared to 

the other two aforementioned agents. Therefore, steam and carbon dioxide are preferred for 

activation (Bandosz, 2006). 

In general, activated carbon can be prepared from different precursors such as coals, 

petroleum coke, and lignocellulosic materials (Hasib-ur-Rahman et al. 2010, Kawano et al., 

2008) through a variety of physical or chemical activation processes. Although petroleum coke 

has been commonly used as precursor for preparing activated carbon (Chang et al., 2000, Lee 

and Choi, 2000), a few studies investigated activation of oil sands coke. In Alberta, Canada, oil 

sands coke, a by-product of bitumen upgrading, can be a suitable precursor for activated carbon 

as it has high carbon content (approximately 80-85% by weight) and is widely available at low 

cost (Small et al., 2012). Current estimates indicate a total of 1 billion m
3
 of coke production 

over the entire lifetime of oil sands operations in Alberta (Furimsky, 1998). Most of the 

produced coke is stockpiled on-site (Furimsky, 1998) and only small quantities is burnt to 

generate steam and electricity (Allen, 2008). However, coke combustion produces CO2, 

emphasizing the need for sustainable management and use of stockpiled coke. Transforming this 
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by-product into activated carbon can help in managing coke stockpile and reduces CO2 

emissions.  

The aim of this work is to prepare mesoporous oil sands activated carbon and evaluate its 

performance for CO2 adsorption. Oil sands coke was utilized as a precursor for mesoporous 

activated carbon and was activated using MgO template in a one-step microwave heating 

coupled with KOH. MgO was selected as a template because it can be easily dissolved in dilute 

acidic solutions. Specific surface area and pore size distribution were measured to investigate the 

effect of activation agent on the structure of activated oil sands coke. Performance of activated 

oil sands coke was then investigated for CO2 adsorption. To the best of our knowledge, 

systematic studies investigating CO2 capture using activated carbon prepared from this unique 

waste precursor have not been reported.  

 

4.2.  Materials and Methods 

4.2.1.  Chemicals 

Delayed oil sands coke was provided by Suncor Energy. Potassium hydroxide (KOH, 

Fisher, ACS grade) and Magnesium oxide (MgO, Fisher, ACS grade) were used as the activation 

agents. 

4.2.2.   Activated Carbon Preparation 

Prior to activation, delayed coke was ground, sieved into selected sizes (180-212 µm), 

then dried overnight in a laboratory oven at 110 °C. Two activation methods were used in this 

research: (a) preparation using a single activation agent, and (b) preparation using two activation 

agents. 
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Preparation using a single activation agent: In this method, KOH was dissolved in de-

ionized water and mixed with delayed coke at 1:1 ratio. The prepared mixture was then dried in 

the oven at 110 °C until it reached a stable weight. A 25-30 g sample of the dried mixture was 

loaded onto a crucible and covered with quartz wools to prevent heat loss. The crucible was then 

placed inside a quartz reactor (diameter 2.6cm, height 20cm) purged with a flow of 500 ml/min 

of humidified N2. Dry nitrogen passed through an impinger containing water before purging the 

activation reactor. The sample was heated for 20 min in a 2.45 GHz customized kitchen 

microwave (Kenmore, 721.80602) with 800W nominal power output. The power output of the 

microwave oven was controlled by varying the duty cycle of the magnetron. After the activation, 

the resulting mixture was washed with de-ionized water and diluted hydrochloric acid to remove 

the impurities until neutralization and then dried overnight in the oven at 110 °C. The 

temperature of the reactants in the crucible was measured using a high temperature thermocouple 

(OMEGA-KMQXL) right after the completion of microwave-assisted activation process. 

Preparation using two activation agents: In this method, dried delayed coke was first 

mixed with MgO (with mesh sizes between 104 µm-74 µm) and KOH and then pulverized at 

different mass ratios (the total mass of mixture was fixed at 27g). The mixture was then placed in 

a crucible inside a quartz reactor and heated using a microwave oven (the same one as described 

above) for 30 min in a 600 ml/min of humidified nitrogen purge flow. In order to study the effect 

of heating method, the samples were also activated by conventional heating using tube furnace 

(Linberg Blue M, HTF55342C) and dry/humidified purge gases (N2 and CO2). The sample 

temperature was first raised from room temperature to 150 °C, held at this temperature for 1h to 

remove any moisture, and then ramped up to 900 °C at 10 °C/min.  The sample was then held at 

this temperature for 1h. After heating, the resultant mixture was washed with de-ionized water 
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and 2 M H2SO4 to remove the residual ions until it reached neutral pH, then the mixture was 

dried at 100 C for 24 h. Samples prepared in this method are named based on KOH/coke ratio 

(KC) and MgO/coke ratio (MC). 

4.3.  Characterization Methods 

4.3.1.  Nitrogen adsorption measurement 

Nitrogen adsorption isotherms were measured using a surface area analyzer 

(Quantachrome Instruments, Autosorb-1MP) at 77 K. Prior to the measurement, the samples 

were outgassed at 150 C under vacuum for 5 h. The specific surface area was determined from 

N2 adsorption isotherm by the standard Brunauer-Emmett-Teller (BET) method using nitrogen in 

the relative pressure range of 0.05-0.99. Micropore volume was evaluated using the V-t model. 

The pore size distribution was determined using the density functional theory (DFT) for slit 

pores (Bandosz, 2006, Dunne and Manos, 2010). The total pore volume was based on the 

conversion of the adsorption amount at p/p0 =0.95 to a volume of liquid N2 (Zhang et al., 2010). 

4.3.2.  Bulk and surface elemental analysis 

The bulk composition (carbon, hydrogen, nitrogen, sulfur, and oxygen) of prepared 

samples was characterized using a CHNS elemental analyzer (Vario MICRO). Oxygen in the 

sample is determined by mass difference (100% – C wt% – H wt% – N wt% – S wt%), assuming 

that ash content is negligible (Thompson, 2008).  

The surface composition of the prepared activated carbon was determined using X-ray 

photoelectron spectroscopy (XPS). The analysis was conducted using Kratos AXIS 165 

instrument with Mono Al Kα radiation at 210 W and 14 kV under ultrahigh vacuum (10
-9

Torr). 

All the spectra were calibrated to C1s peak at 284.5 eV. 
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4.3.3.  CO2 adsorption measurement 

The adsorption performance of the sorbents was analyzed using a thermo-gravimetric 

analyzer (TGA/ DSC 1, Mettler Toledo). The adsorption performance of selected samples were 

screened at 40, 50, 60 and 75C based on previous studies (Pirngruber et al., 2009, Khalil et al., 

2012) (results not included) and the optimum CO2 adsorption temperature was obtained at 50 C. 

Typically, about 10 mg of sample was placed in a small alumina crucible, heated to 120 C in 

100 ml/min N2 and held at this temperature for 30 minutes to remove water vapor. The 

temperature was then ramped down at 10 °C/min to the adsorption set-point (50 °C), and the 

sample was held at this temperature until a stable weight was reached, at which point the gas was 

switched to 200 mL/min of 99.99% CO2 mixed with 100 mL/min of N2 (66.6% CO2 in N2). The 

amount of adsorbed CO2 was determined by sample weight change before and after the 

adsorption. The adsorption capacity was determined in mmol of adsorbate (CO2) / g of 

adsorbent. 

4.3.4.  FTIR Spectroscopy 

FTIR spectra were recorded between 4000 and 500 cm
-1

 using a Thermo Nicolet 8700 

spectrometer for samples activated in N2 and CO2 atmosphere to evaluate the surface functional 

groups. The analysis discs were prepared by first mixing 1 mg of dried sample with 500 mg of 

KBr (Merck, spectroscopy grade) in an agate mortar and then pressing the resulting mixture at 10 

tonnes cm
-2

 for 15 min under vacuum. 
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4.4.  Results and Discussion 

4.4.1.  BET surface area and pore size distribution 

The BET surface area and pore size distribution of microwave activated carbons have 

been determined to evaluate the effect of different activation agents. Surface characteristics of 

microwave activated carbons are summarized in Table 4-1. 

Table 4-1. Surface characteristics of raw and activated delayed cokes, microwave heated 

in N2 gas stream 

Sample  

BET surface area 

(m
2
/g) 

Total pore volume 

(cc/g) 

Micropore volume  

(cc/g)  

Delayed oil sands coke  2.7  0.004  0.00  

AC-KC
1
=1 816  0.23  0.17  

AC-KC=0.43, MC=0.5 81.1  0.07  0.01  

AC-KC=1.5, MC=4  385.1  0.41  0.03  

AC-KC=1, MC=2 210.4 0.19 0.08 

AC-KC=0.86, MC=2  274.8  0.24  0.01  

AC-KC=0.66, MC=1.33  115.9  0.09  0.003  

1
 AC: Activated Carbon, KC: KOH/coke, MC: MgO/coke 

 

BET surface area for sample activated with 1:1 KOH to coke (KC=1) has the highest 

value, indicating the effectiveness of KOH as an activation agent in microwave activation 

method (Chen and Hashisho, 2012, Gholidoust et al., 2017). This sample has a microporous 

structure as can be seen from the pore size distribution in Figure 4-1. It is postulated that the 

pores in the delayed coke are interconnected due to the release of volatile components from its 
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uniform structure during the coking process. Hence, KOH can spread inside the interconnected 

pores and make a well-developed micropore structure (Jack et al., 1979, Dabrowski et al., 2005, 

Marsh and Rodriguez-Reinoso, 2006, Chen and Hashisho, 2012). Using MgO causes a 

significant change in the delayed coke porous structure (Table 4-1). In fact, MgO is the main 

reason for pore widening of the delayed coke, as increasing MC ratio from 0.5 to 4 resulted in 

almost 60% increase in total pore volume when comparing samples with KC=0.43, MC=0.5, and 

KC=1.5, MC=4, respectively. Although the KC ratio is different in these two samples, it does not 

conflict with the pore widening effect of MgO. In fact, increasing the KC ratio from 0.43 to 1.5 

caused a decrease in pore volume, as it was observed in samples with the same MC ratios, but 

different KC ratios (i.e. KC=1, MC=2, and KC=0.86, MC=2). At a constant MC ratio, increasing 

KC ratio from 0.86 to 1 resulted in a 20% decrease in total pore volume (from 0.24 to 0.19cc/g). 

Adding MgO to coke also causes a decrease in micropore volume. For instance, the 

micropore volume was 0.17 cc/g for KOH only activation (KC=1) but it decreased to 0.08 cc/g 

for combined KOH and MgO activation (KC=1 and MC=2). Although, the presence of KOH in 

the mixture results in the formation of micropores, decreasing KOH/coke ratio causes 

deformation of micropores and formation of mesopores (He et al., 2012). 
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Figure 4-1. Pore size distribution of activated delayed cokes (KC: KOH/coke, MC: 

MgO/coke) 

4.4.2.  Elemental analysis 

Table 4-2 lists the bulk composition of delayed coke before and after activation based on 

proportional weight change of five elements (C, H, N, S and O). Sulfur content of delayed coke 

has drastically (about 80%) decreased after activation with KOH while carbon and oxygen 

content has increased. The loss of sulfur content during activation is consistent with results from 

previous studies (Lee and Choi, 2000, Chen and Hashisho, 2012). For the samples activated with 

combined MgO and KOH, the carbon content is reversely proportional to KC ratios. The results 

confirm the effective removal of impurities and improving the carbon proportion during the 

activation. Comparing the samples activated with KOH only, and combined KOH and MgO, one 

can conclude an order of magnitude increase in oxygen content in the latter. In fact, K-containing 

compounds can easily be removed by washing with distilled water, whereas MgO used in this 
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experiment can readily react with water during the water-washing process and form brucite 

(Mg(OH)2) which is the main reason of high oxygen content in samples activated using MgO 

template. Accordingly, the trend in oxygen content is consistent with the MC ratio. Moreover, 

hydrogen content has generally decreased upon activation. During activation, KOH reacts with 

the carbon skeleton, producing solid and gaseous products such as hydrogen, CO and CO2 

(which come from the carbon skeleton) and potassium oxide (Bandosz, 2006). 

Table 4-2. Bulk composition (%wt.) of raw and activated delayed cokes, microwave 

heated in N2 gas stream 

Sample N% C% H% S% O% 

Delayed oil sands coke  1.6 0.1 82.3 0.0 3.7 0.1 6.8 0.1 5.7 3.0 

AC- KC=1 1.4 0.1 87.4 0.2 1.2 0.1 1.4 0.0 8.6 3.5 

AC- KC=1, MC=2 0.4 0.0 23.1 0.0 0.7 0.0 0.6 0.0 75.2 0.0 

AC- KC=0.86, MC=2 0.3 0.1 22.2 9.0 2.2 0.1 0.8 0.0 74.4 9.3 

AC- KC=0.66, MC=1.33 0.4 0.1 33.5 11.9 1.6 0.3 0.9 0.1 63.6 11.8 

AC- KC=0.43, MC=0.5 0.9 0.0 63.9 5.1 0.8 0.0 1.6 0.0 32.7 5.1 

AC- KC=1.5, MC=4 0.1 0.0 12.3 2.9 2.5 0.1 0.9 0.0 84.1 2.8 

 

Surface composition of raw and activated delayed coke is summarized in Table 4-3. 

Similar to bulk composition, surface oxygen content of delayed coke shows up to 7 times 

increase upon activation with MgO and KOH, while there is up to 100% decrease in surface 

sulfur content. In general, the trend in Mg and K content is consistent with MC and KC ratios, 

respectively. 
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 It is also worthy to compare the sulfur content of bulk and surface of activated carbon 

from Table 4-2 and Table 4-3. The sulfur content on the surface of activated carbon is 57% lower 

than its value in the bulk, indicating that activation can effectively remove sulfur from the 

surface. Introducing MgO in the activation step provides activated carbons with lower carbon 

content and almost no sulfur on the surface. 

Table 4-3. Surface composition (%wt.) of raw and activated delayed coke, microwave 

heated in N2 gas stream 

Sample N% C% Mg% K% S% O% 

Delayed oil sands coke  1.4 87 0 0 4.0 6.5 

AC- KC=1 0.9 84.4 0 1.7 0.8 10.9 

AC- KC=1, MC=2 1.1 14.8 24.8 1.3 0.6 57.4 

AC- KC=0.86, MC=2 0.5 11.1 30.5 0.8 3.2 53.9 

AC- KC=0.66, MC=1.33 0.7 24.7 31.2 0.6 0.4 42.4 

AC- KC=0.43, MC=0.5 1.4 23.6 23.3 0.6 3.0 48.1 

AC- KC=1.5, MC=4 0.5 12.8 31.3 2.4 0.0 53.0 

 

4.4.3.  CO2 adsorption performance 

CO2 adsorption tests were completed in 66.6 % CO2 in N2 at 50 C and atmospheric 

pressure using a TGA. Adsorption capacity of activated carbons is presented in Figure 4-2. The 

highest adsorption capacity (3.17 mmol CO2/g adsorbent) was observed for the sample with KC 

ratio of 1 and MC ratio of 2. Comparing samples with the same MC ratio (MC=2), decreasing 

KC ratio from 1 to 0.86 results in a decrease in adsorption capacity from 3.17 to 3.01 (Figure 

4-2). The presence of KOH as an activation agent is necessary for the formation of micropores 
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and has an optimum ratio to coke of 1:1 to achieve a high surface area activated carbon (Chen 

and Hashisho, 2012), Lower ratios of KOH is not efficient enough to diffuse to the inside of the 

delayed coke particles and forming interconnected pores. 

 

 

Figure 4-2. Effect of activation agent ratio on the adsorption capacity of microwave 

activated carbon, 66.6% CO2 in N2, Tadsorption=50C, Error bars indicate standard deviation of the 

mean of two sets of data 

Comparing the adsorption capacity of samples activated with KOH, and combined KOH 

and MgO, the former showed lower adsorption capacity (1.31 mmol CO2/g ads), indicating that 

MgO template enhances the CO2 capture by providing wider pore size distribution.  The increase 

in adsorption capacity can be attributed to the higher entropy of adsorption associated with large 

degree of freedom of CO2 molecules adsorbed on the surface of mesoporous activated carbon. 

These CO2 molecules have higher mobility and less restriction than the ones adsorbed on the 
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surface of microporous activated carbon (Durá et al., 2016). However, based on our research 

findings there should be a balance between mesopore and micropore volume. Increasing the ratio 

of MgO/coke at a fixed amount of KOH in 27g of coke-MgO-KOH mixture, causes pore 

collapse due to the over-activation related to higher KOH/coke ratio in the mixture (He et al., 

2012). Therefore, at a particular MgO/coke ratio, all the mesopores will collapse and the 

structure of the activated carbon will be mainly macroporous which is not favorable for the 

adsorption of relatively small molecules like CO2 (with kinetic diameter of 3.9 Å (Siriwardane et 

al., 2001)). This suggests that MgO/Coke ratio has an optimum ratio which turned out to be 2 in 

our experimental work.  

Figure 4-3 shows the effect of activation purge gas and humidity on the adsorption 

capacity of activated carbon (KC=0.86, MC=2) prepared under different activation conditions. 

Samples prepared under humid condition (either in N2 or CO2) show higher adsorption capacity 

than samples prepared under dry atmosphere. Steam is a common activation agent and physical 

activation could occur if the activation atmosphere is rich in water vapor. The impregnation of 

the coke with KOH created additional pores in the coke which facilitated the access of water 

molecules to the carbon skeleton for additional activation. In addition, potassium acts as a 

catalyst which increases the rate of the reaction between the water molecules and the carbon 

atoms (Jankowska et al., 1991, Patrick, 1995, Wu et al., 2005). As a result, the use of humidified 

nitrogen resulted in higher surface area and consequently higher CO2 adsorption than dry 

nitrogen.  
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Figure 4-3. Effect of activation purge gas and humidity on the adsorption behavior of 

activated carbons (KC=0.86, MC=2), microwave (MW) heating, CO2 flow rate= 200 ml/min, 

Tadsorption =50°C. Error bars indicate standard deviation of the mean of two sets of data 

The adsorption results show that samples activated in N2 atmosphere have almost 25% 

higher CO2 uptake capacity compared to those activated in CO2. Activation with N2 shows 

significant formation of nitrile (C≡N) at temperatures around 850 °C which increases the basicity 

of activated carbon (Rathore et al., 2010). The high temperature activation with N2 results in an 

increase in quaternary nitrogen, where N atoms are incorporated into the graphitic layer in 

substitution of C atoms and increases the polarity and basicity of carbon surface (Bandosz, 

2006). Microwave heating of delayed coke in nitrogen atmosphere raises its temperature so fast 

and uniformly which results in decomposition of surface acidic (e.g. carboxylic and lactone) 

groups and removal in the form of CO or CO2. In addition, it is possible some N from N2 
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atmosphere react with carbon surface forming some nitrogen complex. Consequently, the 

relative basic content will be increased (Zhang et al., 2010), hence increases the affinity of 

activated carbon to acidic CO2. 

FTIR analysis (Figure 4-4) of carbon samples activated in N2 and CO2 atmosphere was 

carried out for ascertaining various functional groups.  

 

 

Figure 4-4. FTIR spectra of microwave activated carbons in N2 and CO2 gas stream 

The peaks observed at ~ 1118 cm
-1

 and ~ 1666 cm
-1

 (Figure 4-4) correspond to C-N and 

N-H stretching of amide (Coates, 2006). These two bands are more pronounced for the sample 

activated in nitrogen gas stream, indicating more basic surface. These N-containing groups 

possess an isolated electron in their nitrogen atom; hence, the activated carbon surface becomes 

alkaline and shows strong affinity to acidic species such as CO2 (Rathore et al., 2010). 
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Additionally, a major presence of O-H band was detected at ~ 3690 cm
-1

 (Figure 4-4) 

which was assigned to OH stretching vibration (Ahmad et al., 2013). There is a noticeable 

reduction in the spectrum of the O-H band (lower intensity) in carbon activated in CO2 

atmosphere. Ahmad et al. (Ahmad et al., 2013), also reported significant reduction of surface O-

H groups at high carbonization temperatures (>500 °C) using CO2 as activation agent, which is 

followed by the formation of aromatic groups. This well-organized activated carbon with dense 

aromatic groups has fewer reactive sites (Ahmad et al., 2013). It is also postulated that during 

activation at elevated temperatures (>700 °C), CO2 can affect the surface functional groups of 

coke and increase the acidic groups which is not favorable for adsorption of acidic gases such as 

CO2 (Bandosz, 2006). 

In Figure 4-4, of the washed samples with distilled water and sulfuric acid, no IR 

absorption bands for the Mg compounds (IR bands of 1470, and 1540 cm
-1

) including 

MgCO3/H2O, MgCO3/2H2O, MgCO3, Mg2CO3(OH)2/3H2O and Mg were found. Therefore, we 

expect that MgO has only served as a template though MgO can react with water to form 

Mg(OH)2 (IR absorption bands of 800, 850, and 880 cm
-1

) in the presence of H2O in the water-

washing step (Li et al., (2014)). 

4.5.  Conclusion 

Activated carbon was prepared from delayed coke by microwave-assisted heating using 

KOH coupled with the MgO template. Evaluation of bulk and surface composition of activated 

carbon samples indicated that samples activated with combined KOH and MgO have one order 

of magnitude higher oxygen content comparing to those activated with KOH only. Also, the 

general trend in Mg and K content is consistent with MC and KC ratios, respectively. Comparing 

the pore volume of activated carbons showed that KOH is necessary for micropore formation, 
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but there is an optimum ratio for KOH to coke which in this research was 1:1, and further 

increase of KOH results in pore collapse. It was found that pore volume of activated carbons 

directly increases with the portion of MgO template in the carbon, which indicates the essential 

role of MgO template in pore widening and formation of mesopores. This effect was validated 

through comparing samples activated with KOH only, and combined KOH and MgO. Activated 

carbons were tested for CO2 adsorption at 50°C using a TGA. The highest adsorption capacity of 

3.17 mmol CO2/g AC was obtained for sample with KC=1, and MC=2 which was attributed to 

the wider pore size distribution and higher entropy of adsorption for CO2 molecules. Comparing 

the adsorption performance of samples activated under CO2 and N2 stream, showed that CO2 was 

not as efficient as N2, and yielded activated carbons with almost 25% lower CO2 adsorption 

capacity, which was due to a decrease in the amount of surface basic groups (which are reactive 

sites for adsorption of acidic gases such as CO2), as confirmed by FTIR analyses. The results 

clearly indicated that microwave-assisted KOH activation coupled with the MgO template is an 

effective approach to the preparation of high capacity CO2 adsorbents from oil sands coke and 

better management of this by-product. 
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CHAPTER 5. PLASMA ENHANCED SEEDED GROWTH OF METAL 

ORGANIC FRAMEWORKS ACROSS CARBON NANOTUBE 

FABRICS AND THEIR POTENTIAL FOR CO2 CAPTURE 

5.1.  Introduction 

Adsorption onto solid sorbents hold promise for carbon dioxide (CO2) capture due to their 

high efficiency, low energy requirements, and often ease of regeneration (Rao and Rubin, 2002). 

However, most of the currently used adsorbents such as molecular sieves or zeolites, activated 

carbons (Saha and Deng, 2010), silica gel (Zhang et al., 1998), and hydrotalcites (Hutson et al., 

2004) have relatively low adsorption capacities (0.3- 4.4 mmol CO2/g) for CO2 at atmospheric 

pressure and require high operating pressures and temperature (Rao and Rubin, 2002). Therefore, 

alternative adsorbents, performing at low temperature and pressure needs to be considered. 

Metal organic frameworks (MOF) (Walton et al., 2007) have recently drawn great attention 

mainly because they have high surface area and tailorable pore structure, and are suitable for the 

capture, release, permeation, storage, or sensing (Kumar et al., 2015) of gas molecules. The 

presence of open metal sites across MOF crystals enables for selective adsorption of target gases 

such as CO2 (Bao et al., 2011), and offers very specific functionalities and properties relevant to 

carbon capture. MOF-74 series were shown to offer strong adsorption sites for CO2 (Caskey et 

al., 2008, Dietzel et al., 2009, Bae et al., 2012) with the adsorption capacity of 26 and 30 wt% for 

Ni-MOF-74 and Mg-MOF-74 at 423K, respectively. The Mg-MOF has a higher heat of 

adsorption compared to MOFs of other metal ions and take up more CO2 molecules per unit cell 

than its analogues (Dietzel et al., 2009). Caskey et al. also attributed this behavior to the smaller 

molecular size of Mg that increases the ionic character of Mg-O bond between unsaturated Mg
2+

 

ions and oxygen atoms in CO2 molecule (Caskey et al., 2008).  
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Micron-sized MOF crystals formed from traditional solvothermal MOF synthesis reaction are 

not necessarily best fitted for separation/adsorption applications due to difficulty to control their 

growth into shapes other than their particulate form (Lu, 2012). The development of MOF thin 

film materials where MOF crystals are intimately interconnected to form defect-free membranes 

has therefore been extensively investigated (Zacher et al., 2009, Carne et al., 2011). One of the 

promising methods is to embed MOF crystals across a polymer membrane to form mixed matrix 

membranes (MMM). MOF-based MMMs currently outperform pure MOF from economic point 

of view, since only a small amount of MOF is required to cover the support and no expensive 

support is necessarily needed for MOF-based MMM (Adatoz et al., 2015). A variety of polymer 

materials such as electrospun fiber mats including poly(acrylonitrile) (PAN) (Centrone et al., 

2010), polypropylene fiber mats (Zhao et al., 2014) have been applied for supporting MOF 

crystals. MOF-crystals on polymer fiber matrices have been integrated through different methods 

including encapsulation in electrospun fibers (Ostermann et al., 2011) or immobilization on fiber 

through solvothermal synthesis (Küsgens et al., 2009), but unfortunately these methods resulted 

in small MOF loading fraction and poor MOF crystal quality (Zhao et al., 2014). Also an 

important challenge that needs to be addressed is interface compatibility between the MOF and 

the polymer (Basu et al., 2011), which results in physical agglomeration of MOFs upon 

manufacturing. Therefore, new strategies to develop continuous MOF membranes supported 

onto nano-porous materials have been investigated. Additionally, the lack of chemical diversity 

of these materials has opened the route to the design of more chemically versatile platforms.  

Carbon nanotubes (CNTs) recently attracted great attention as growth platform materials for 

their high chemical stability, tuneable chemistry, and excellent mechanical strength (Majumder 

et al., 2005, Li et al., 2014). A hybrid MIL-101/MWCNT has been fabricated by Anbia et al., 
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(Anbia and Hoseini, 2012) where the crystal structure and morphology was identical to that of 

virgin MIL-101 but CO2 adsorption capacity was increased from 0.84 to 1.35mmol/g at 298K 

and 10 bar. Yang et al. (Yang et al., 2010), reported an improvement in H2 storage by 

incorporating MOF-5 into Pt-loaded multi-walled carbon nanotubes (MWCNTs), at both 77K 

and 298K, and over a wide range of pressure. Dumée et al. fabricated ZIF-18 on CNT bucky 

paper support via secondary growth method. The mixed gas permeation performance of 

synthesized hybrid metal organic framework membranes towards CO2, and N2 revealed high 

selectivity of N2 over CO2 (Selectivity = 33) (Dumee et al.). Lin et al. (Lin et al., 2015) by in situ 

growth of NH2-MIL- 101(Al) on the external surface of CNTs, introduced amino groups and 

active sites for selective separation of CO2 from CH4 (Selectivity = 25.4). The developed 

CNT−MOF composites can also be promising for application in adsorption such as CO2 capture. 

The major limitation with the incorporation of CNTs across any composite material relates to the 

control of the interface between the different phases which may lead to poor heterogeneous 

nucleation sites for MOFs to grow on the surface of bare substrate (Yoo et al., 2009, Bux et al., 

2011, Liu et al., 2011). Specifically, when considering the growth of nanostructures from the 

surface of CNTs, the surface active sites should be optimized to ensure appropriate surface 

coverage density. Different methods, including chemical reaction in solution, exposure to 

radiative sources such as x-ray, gamma ray or ultra violet-ozone and plasma have been 

developed to introduce functional groups on the surface of CNT (Datsyuk et al., 2008, Jiang et 

al., 2009, Ma et al., 2010). Exposure to strong acids, such as nitric acid (HNO3) and sulfuric acid 

(H2SO4) (Taborski et al., 1995, Hamon et al., 1999), ozone oxidation (Hou et al., 2008, 

Vandsburger et al., 2009) and plasma oxidation have been investigated as routes to anchor 

oxygenated groups such as hydroxyl or carboxylic groups across the surface on CNTs. Although 
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chemical treatments are by far the most effective route, wet-oxidation was shown to lead to loss 

in crystallinity and damage of the CNT walls (Wang et al., 2009). Plasma gas treatments, on the 

other hand, are versatile routes to generate specific functional group densities and do not affect 

the bulk properties of materials (Wang et al., 2009). The plasma treatment process has been well 

studied since the 1960’s (Morita et al., 1990) and has quickly evolved into a valuable technique 

to engineer the surface properties of CNTs via appropriate plasma parameters such as type of 

gas, treatment time and input power (Chevallier et al., 2001). Several research studies on plasma 

treatment of CNTs revealed the enhanced chemical performance and interfacial adhesion by 

embedding oxygen-containing functional groups on the surface of CNT (Chen et al., 2009, Chen 

et al., 2010, Ham et al., 2014).  

The purpose of this study is to investigate the synthesis of a new class of porous materials 

working at low pressure and possessing high adsorption capacity for CO2 gas. The seeding and 

growth of a thin, active, and selective layer of Mg-MOF-74 across the surface of plasma 

functionalized CNT- Bucky paper (CNT-BP), a new class of randomly oriented carbon nanotube 

fabrics, was studied through a broad range of plasma conditions. The changes of the atomic 

contents and structure properties of CNT-BPs as a function of plasma gas and treatment time 

were analyzed using X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy. Contact 

angle analysis was performed to measure the impact of plasma treatment on surface wettability 

of CNT-BPs. Morphological characteristic of CNT-BPs and its interface with MOF was 

observed by Scanning Electron Microscopy (SEM). The CO2 capture capacity of MOF-CNT-BP 

samples was investigated by volumetric analysis at 25 °C and 1 atm. 



125 

 

 
 

5.2.  Materials and methods  

5.2.1.  Chemicals and reactants 

All chemicals in this study including 2,5 dihydroxyterephtalic acid (98%), N,N, 

dimethylformamide (99.8% anhydrous), Ethanol (90% anhydrous), and Isopropanol (99.5%) 

were purchased from Sigma Aldrich except for Magnesium nitrate hexahydrate (98%) which was 

acquired from Fisher Scientific. 

5.2.2.  CNTs growth and preparation 

The growth of the multiwall CNTs was performed by Chemical Vapor Deposition (CVD) as 

detailed elsewhere (Huynh and Hawkins, 2010). Fe2O3 as the catalyst was deposited on silicon 

wafers (100 mm dia., N/phosphorous (1–0–0) type, 1–10 Ω/cm (SQI Inc.)) by thermal 

evaporation by a resistively-heated alumina-lined tungsten boat. Prior to the test, the CVD 

reactor was evacuated and flushed with a flow of helium (Air Liquide, 99.999%) then the 

temperature was ramped to the set-point. Acetone-free acetylene supply (Air Liquide, 99.9999%) 

was switched into the reactor with the helium flow when required. 

5.2.3.  CNT-BP fabrication 

CNTs formed as forests on silicon wafers were scrapped from their supports and suspended 

in isopropanol. The suspensions were then bath-sonicated for 5min at 240 W (using UNISONIC 

FXP10M) and up to 5 times at an initial temperature of -17 °C (Dumée et al., 2013). The 

temperature of the system was maintained below 5 °C during sonication by adding ice cubes into 

the sonication bath reservoir. BPs were then formed by vacuum filtrating the CNTs suspension 

onto a poly (ether sulfone) membrane (0.2 mm pore size – Millipore) until completely dried. The 

BPs could then be peeled off to form self-supporting substrates as previously reported (Dumée et 

al., 2013).  
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5.2.4.  CNT-BP surface functionalization by plasma treatment 

Plasma treatments were performed on a 13.56 MHz high frequency plasma system (Diener 

PICO PC (SN 80001)). Plasma parameters such as the chamber pressure (0.2 mbar) and power 

(80 W) were fixed, while a time-based dose matrix was performed in order to induce a range of 

seeding moieties densities across the surface of the CNTs. The plasma method was conducted in 

either O2/Ar or NH3 gas glows. The plasma exposure duration was varied between 3, 5 and 7 min 

and both the temperature of the sample stage and chamber were recorded. CNT-BPs were fixed 

on the curved glass plate with double-sided tape and placed inside the chamber. 

5.2.5.  MOF crystals seeding and growth across the BPs 

In a typical preparation of Mg-MOF-74, 2,5-Dihydroxyterephthalic acid (0.333 g) and 

magnesium nitrate hexahydrate (1.425 g) were dissolved in 150 mL of a solvent mixture of 

dimethyl formamide, ethanol and de-ionized (DI) water (15:1:1) and placed in a 400 mL sealed 

Schott bottle. The solution was then sonicated for 30 min to get a homogeneous solution. In 

order to make sure that both sides of the membranes were exposed to the solution, the BP 

samples were placed vertically within a hollow Teflon (PTFE polymer with melting point 320 

°C) holder placed inside a Teflon-lined autoclave. The solution was then heated at 125 °C in an 

oven (HERAEUS, UT6120) for 20 h to achieve full crystal growth. After growth, the mother 

liquor was decanted using cellulose acetate filter papers (Whatman, grade 5) under vacuum 

filtration. The yellow crystalline product was washed 3 times with methanol (10 mL), then 

immersed in 10 mL fresh methanol and decanted. The purification steps were repeated with fresh 

methanol 3 times over 4 days to exchange the DMF guest. CNT-BPs were separated from the 

solution and oven dried at 80 °C for 5 h. The solution was then vacuum-dried at 250 °C for 5 h to 

remove remaining methanol traces. For simplicity, the samples are named based on their 
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preparation methods from now on. For example, MCN3, 2s-Cr15 represents MOF-CNT-BP 

sample which has been treated with ammonia (N) for the duration of 3 min and 1 side, while 

crystallization (Cr) took 15 h. Similarly, MCO7, 2s-Cr20 refers to MOF-CNT-BP treated with 

30% oxygen (O) in argon for the duration of 7 min and 2 sides, while crystallization (Cr) took 20 

h.  Figure 5-1 illustrates the schematic of MOF-CNT-BP preparation, step by step. 

 

Figure 5-2 Preparation of MOF-CNT-BP sample 

CNT-BP fabrication (filteration of alcohol solution of CNT at 0C) 

CNT-BP 
Membrane 

Plasma treatment of CNT-BP membrane (in either NH3 or O2/Ar gas 
stream at 0.2 mbar) 

functionalized 
CNT-BP 

Seeding growth of MOF on CNT-BP membrane (embdeing Mg-MOF-
74 crystals for 15 or 20 hr) 
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5.2.6.  Characterization tests 

X-ray photoemission spectroscopy (XPS) spectra were acquired at a pass energy of 160 eV 

with a 1 eV/step and a pressure in the analysis chamber of 5×10
−9 

torr with an AXIS Nova 

(Kratos Analytical Ltd., UK). The samples were irradiated with Al Kα radiation 

(hν = 1486.6 eV) from a mono-chromated source operating at 150 W. Analysis was performed 

on a plasma treated CNT-BPs prior to MOF crystals coverage. 

Raman spectra of CNT-BPs were obtained using Raman microscope (Renishaw, InVia 

Basis). Argon ion laser with the excitation wavelength of 514 nm and maximum output power of 

50 mW was used as light source. A Leica N PLAN confocal microscope with a resolution up to 

2µm was coupled to the Raman spectrometer. All measurements were collected at 50x 

magnification with a 10 s exposure time and 10 accumulations. The samples were scanned in the 

range of 500 to 3500 cm
-1

 with 2 cm
-1

 spectral resolution.  

Static or dynamic contact angles across the membranes were measured using a camera (KSV 

Instruments, CAM 101). At least 50 pictures were acquired after 2 s of drop impact. The solution 

used was DI- water. 

Scanning Electron Micrographs (SEMs) were acquired on a Supra 55VP FEG-SEM at an 

accelerating voltage of 3 keV and a working distance of 5 mm. The samples were mounted on 

aluminum stubs with carbon tape and coated with a 6 nm thick layer of Au prior to analysis to 

minimize charging and prevent beam damage across the crystals. 

Thermogravimetric analysis tests (TGA) were conducted on the MOF-CNT-BP samples on a 

Thermogravimetric Analyzer (TA instruments, TA Q50). Tests were carried out under N2 stream 

at a heating rate of 10 °C/min for a temperature profile from 25 °C to 500 °C.  
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Nitrogen adsorption isotherms were obtained using a sorption analyzer (Quantachrome 

Instruments, Autosorb-iQ2) at relative pressure range from 10
-6

 to 0.99 at 77K. Prior to the 

measurement, samples were degassed at 120 C (atmospheric pressure) for 5h. Specific surface 

area was determined from the N2 adsorption isotherms using the Brunauer-Emmett-Teller (BET) 

at relative pressure ranges from 0.01 to 0.07 and total pore volume was determined at p/p0 = 

0.95. Pore size distributions (PSD) were also obtained from nitrogen adsorption isotherm using 

Horváth-Kawazoe (HK) method which was developed for graphitic slit pores in microporous 

carbons and is suitable for PSD determination in MOFs (Bae et al., 2009). 

CO2 volumetric adsorption measurements were conducted on Autosorb-iQ2 (Quantachrome 

Instruments) at 25 C. The samples were out-gassed prior to the measurement at 250 C under 

vacuum for 10h.  

5.3.  Results and Discussions 

5.3.1.  Carbon nanotube surface conditioning and assessment 

The functionalization of CNTs to introduce oxygen rich groups, such as alcohols or 

carboxylic species, are extremely valuable routes not only to improve the wettability of the 

graphitic structures but also as a first step as anchoring points towards specific grafting. Different 

plasma parameters, such as the choice of feed gas (Chen et al., 2010, Zhao et al., 2012), and 

plasma treatment time were used to determine specific levels of functionalization (Chen et al., 

2009). In this work, specific plasma treatments were used to enhance the surface chemistry of 

CNTs prior to the growth of MOF. Virgin and plasma treated CNT-BPs with O2/Ar or NH3 have 

been analyzed with XPS in order to investigate the functional groups attached to the surface of 

CNT-BP. 
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Table 5-1 and  

 

Table 5-2 present the atomic concentrations of samples treated with O2/Ar and NH3, 

respectively. From Table 5-1, the amount of oxygen atomic concentration of virgin CNT-BP has 

increased from 3.3 to 13.9, 15.0 and 15.2% after plasma treatment with O2/Ar for 3, 5 and 7min, 

respectively. Plasma treatment with O2/Ar led to a large increase in surface oxygen and nitrogen 

concentration, while the carbon concentration decreased. As for the O2/Ar plasma, the attack of 

the O
*
 radicals from the feed gas, most likely led to the formation of active sites and then of C-O 

bonds on the surface of the bucky papers. Due to the stabilization by hydrogen atom transfer 

from the neighbors (carbon nanotube edges passivated with hydrogen) (Buonocore et al., 2008), 

C-OH bonds are formed, while C=O bonds are the consequence of an intramolecular 

reorganization of C-C bonds. Conversely, the carboxylic groups stem from the attack of O
* 

radicals on the previously generated C=O bonds (Chen et al., 2009).  

Table 5-1. Atomic concentration of elements in CNT-BP samples before and after 

treatment with O2/Ar 

Sample C (%) N (%) O (%) 

Virgin CNT-BP 96.1 0.7 3.2 

Treated CNT-BP, O2/Ar, 3min 85.2 0.9 13.9 

Treated CNT-BP, O2/Ar, 5min 84.1 0.9 15.0 

Treated CNT-BP, O2/Ar, 7min 83.8 1.0 15.2 
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Table 5-2. Atomic concentration of elements in CNT-BP samples before and after treatment with 

NH3 

Sample C (%) N (%) O (%) 

Virgin CNT-BP 96.1 0.7 3.2 

Treated CNT-BP, NH3, 3min 90.1 1.9 8.0 

Treated CNT-BP, NH3, 5min 89.5 2.1 8.4 

Treated CNT-BP, NH3, 7min 88.2 2.7 9.1 

 

When increasing plasma treatment time from 3 to 5min, the surface oxygen concentration 

increased by 7.8%, while extending plasma treatment from 5min to 7min resulted in a small 

increase (1.4%) in the surface oxygen concentration. This phenomenon can be attributed to the 

surface saturation of oxygenated groups at long time plasma treatment (Zhao et al., 2012). In the 

case of plasma treatment with NH3 ( 

 

Table 5-2), the oxygen atomic concentration increased with plasma treatment duration as it 

was 8.0, 8.4 and 9.1% for 3, 5 and 7min treatment, respectively. Compared to O2/Ar plasma 

treatment, NH3 plasma introduced lower amount of oxygen on the surface whereas its surface 

nitrogen concentration was almost two folds higher. 

Figure B1a presents high resolution C1s spectra of plasma treated CNT-BP with O2/Ar 

for 7min on both sides after de-convolution based on their binding energies as described in Table 



132 

 

 
 

B1. The carbon 1s spectrum was fitted with five Gaussian peaks components that represent (1) 

sp
2
-hybridized graphite-like carbon atoms (C=C at 284.1  0.2 eV), (2) SP

3
 hybridized carbon 

atoms (C-C at 285.1  0.2 eV), (3) carbon bonded to one oxygen atom (C-O at 286.2  0.2 eV 

such as alcohol and ether species) or (4) (C=O at 287.2  0.2 eV such as ketone and aldehyde 

species) and (5) carbon bonded to two oxygen atoms, such as O-C=O at 288.9  0.2 eV 

corresponding to carboxylic and ester functional groups. The C1s peak intensity varied 

depending on plasma gas and treatment time. The quantitative analysis presented in Table B1 

indicates that plasma treatment resulted in reduction of the sp
2
 C=C fraction, and increase in the 

C-O, C=O or O-C=O fractions. These trends, suggests that plasma treatments oxidized the C=C 

bonds to form new C-Ox groups. When oxygen plasma gas treatment is used, various oxidative 

reactions are believed to occur. Free radicals will form on the treated surface and can react with 

active species from oxygen plasma environment (Steen et al., 2001, Tang et al., 2007).  

In both cases of O2/Ar and NH3 plasma treatment (Table B1, and Table B2) the C-O 

fraction first increases, and then decreases with increasing treatment time, whereas the C=O and 

O-C=O fraction increases. This is possibly due to the reaction mechanism of generation of C-O, 

and transformation to C=O and O-C=O bonds that was proposed by Chen et al. (Chen et al., 

2009). It is postulated that C=C bonds are more susceptible to plasma attack due to the presence 

of active π bonds (Ago et al., 1999, Tang et al., 2007). In fact, the dissociated π bonds act as 

active sites on C=C which are prone for radical generation. Hence a decrease in C=C fraction, 

may result in C-O production and then C-OH bonds through stabilization by hydrogen atom 

transfer from neighboring chain. During plasma treatment, oxygen radicals will also be generated 

on the surface of CNT-BP, and can react with C-C bonds, forming C=O bonds. As for O-C=O, it 

is believed the plasma- generated radicals on C=O bind to active oxygen atoms and after 



133 

 

 
 

stabilization with H
+
 transfer, will form carboxylic species (HO-C=O). For samples treated with 

O2/Ar, when the plasma treatment time increases from 3 to 5min, the C=C fraction decreases 

from 28.1 to 20.8% while C=O fraction increases significantly from 12.9 to 29.4. When plasma 

treatment time extends to 7min, there is almost no change in C=C fraction, while C=O fraction 

drops from 29.4 to 24.4%, suggesting that there is a saturation state for the surface oxidation for 

which the CNT surface cannot accept any more oxygen species from plasma environment due to 

oxidation level. Hence, with increasing plasma treatment time from 5 to 7min, no further 

oxidation on C=C bonds will occur and no more C=O bond will form; whereas, O-C=O fraction 

reaches a significant amount of 9.9%, which is possibly due to the reaction between radicals on 

C=O and active oxygen atoms. 

The NH3 plasma treated samples exhibited a very different behaviour comparing to the 

O2/Ar treatments. The C1s peak (Figure B1b) is composed of three main peaks: peak (1) 

corresponding to C-C and C-H bond at 284.8ev, peak (2) belonging to C-O or C-N at 286.4ev, 

and peak (3) corresponding to O=C-O bond at 288.8ev. In some cases, a new peak (4) also 

appear at a binding energy of 287.4 eV, which can be attributed to amide carbon atoms in O=C-

N group (Vesel and Mozetic, 2008). Also C-N bond from amino group is expected to appear at 

(~285.8 eV), but is not shown due to the difficulty to distinguish between peaks (1) or (2). It is 

hard to determine the exact type of nitrogen functional group and differentiate it from oxygen 

functional groups, as there is a strong overlap of peaks for oxygen and nitrogen containing 

functionalities and they appear at similar binding energies (Vesel et al., 2008).  

Comparing the XPS results from Table B2, it can be observed that with an increase in 

NH3 plasma treatment time from 3 to 5mins, the fraction of peak (1) corresponding to C-C 

decreases from 62.7 to 54.0%, while the fraction of peak (2) which can be attributed to either C-
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O or C-N increases from 23.1 to 31.7%. Extending NH3 treatment up to 7min, C-C bond (peak 1) 

fraction decreases to 33.8%, but fraction of peak (2) stays almost the same (30.8%) and a new 

bond at 287.2 eV evolves with 26% fraction that can be attributed to O=C-N as well as C=O 

species. A decrease of peak (1) can be due to replacement of hydrogen atoms from benzene ring 

with amino groups (C-NH2) or even hydroxyl (-OH) groups (Vesel and Mozetic, 2008). On the 

other hand, the O-C=O fraction remains unchanged with increasing NH3 plasma exposure time 

from 3 to 5mins, suggesting surface saturation at a very short exposure time in NH3 comparing to 

O2/Ar, due to differences in the probability of oxygen and nitrogen incorporation into the 

surface, as it was also reported elsewhere (Vesel et al., 2008). As it can be concluded from Table 

B2, samples treated with NH3 have high intensity peak attributed to carboxylic groups while for 

samples treated with O2/Ar, the intensity of this peak is small and only significant if they were 

exposed to plasma for long time (7min). Our measurements suggested that O2/Ar plasma 

treatment preferentially forms hydroxyl and carbonyl groups on the surface, which is in a good 

accordance with research findings in the literature (Ago et al., 1999). 

The incorporation of such functional groups induced changes to the lattice of the CNT 

walls. Raman analysis was therefore used to evaluate the crystallinity of the CNT materials, and 

assess potential disorder across the CNTs surface generated from the plasma treatment step 

(Sveningsson et al., 2001). Figure B2 presents the Raman spectra of CNT-BP before and after 

3min of both 30% O2/Ar and NH3 plasma treatments. In case of virgin CNT-BP, the G peak at 

1570.6 cm
-1

, implies the presence of crystalline graphitic carbon in CNT-BP (Sveningsson et al., 

2001) and is a result of in-plane vibrations of SP
2
 bonded carbon atoms (Ferrari and Basko, 

2013) whereas occurrence of the D peak at 1342.6 cm
-1

 is attributed to the defects in the curved 

graphitic sheet, sp
3
carbon (Sveningsson et al., 2001).  
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The ratio (R) of D/G intensity is a measure of the defects present on graphene structure. 

From Table B3, the R ratio is 0.51 for the virgin CNT-BP, and slightly increases to 0.60 and 0.69 

for NH3 and O2/Ar treated CNT-BP, respectively which can be due to the enhancement of 

surface defects and embedment of oxygen atoms. Chen et al. (Chen et al., 2009) also reported an 

enhanced oxygen fraction on the surface of MWCNT upon plasma treatment with O2/Ar mixture. 

The R ratio for CNT-BP treated with O2/Ar is even more than that of CNT-BP treated with NH3, 

which can be due to presence of more oxygenated groups on the surface as it was also confirmed 

by the XPS results. 

Comparing to the virgin CNT-BP, a blue shift (increase in Raman frequency) of peak G 

takes place which can be due to the increased disorder and defects density in plasma treated 

CNT-BP (Yu et al., 2004). Slight increase of the D/G intensity ratio (R) and blue shift of peak G 

position in treated CNT-BP samples are indicative of surface structure change of CNT-BP and 

introduction of oxygen groups. Comparing the plasma conditions applied more oxygen 

functionalities have been embedded on the surface of CNT-BP with 30% O2/Ar gas. 

The wettability of the CNT-BP materials is largely a function of the amount of 

amorphous carbons present across the surface lattice, nature of the functional groups, and the 

roughness of the materials. Contact angle measurements are presented in Table 5-3 and show a 

decrease in contact angle after oxygen and ammonia plasma treatment, which correspond to a 

higher hydrophilicity of CNT-BP surface. For one-sided plasma treated samples, the shielded 

side showed that a water drop beaded up on the CNT-BP surface, whereas for the side facing the 

plasma, water wicks into the CNT-BP. The oxygen- plasma treated samples exhibit lower values 

of contact angle which can be attributed to a higher hydrophilic character. Even after a short 

exposure time (3min and one side), for both typed of gas used, the surface shows an enhanced 



136 

 

 
 

hydrophilicity by decrease in contact angle value from 123.52° to 34.3° and 39.6° for virgin 

CNT-BP, oxygen treated and NH3 plasma treated CNT-BP samples, respectively. However, NH3 

plasma treatment seems to be less efficient in surface wettability. After 3min exposure on one 

side, oxygen-plasma treated CNT-BPs show contact angle value of 34.3°, while this value for 

NH3-plasma treated CNT-BPs increases to 39.6°.  

Table 5-3. Contact angle results for the plasma treated CNT-BPs 

Sample Contact angle with water (deg) 

Side 1 Side 2 

Virgin CNT-BP 123.52 122.98 

MCO3,1s-Cr15 34.32 87.86 

MCO3,2s-Cr15 25.46 _ 

MCO3,2s-Cr20 25.09 _ 

MCO5,2s-Cr20 20.60 31.23 

MCO7,1s-Cr15 27.13 71.53 

MCO7,2s-Cr20 24.28 _ 

MCN3,1s-Cr20 39.63 _ 

MCN3,2s-Cr15 40.10 _ 

MCN3,2s-Cr20 40.10 33.45 

MCN5,1s-Cr15 39.06 _ 

MCN5,2s-Cr15 30.10 21.27 

MCN7,1s-Cr20 38.52 _ 

MCN7,2s-Cr15 20.92 _ 
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The difference becomes more obvious when samples get treated with plasma on both 

sides, as 3min oxygen- plasma treatment on both sides caused a decrease in the contact angle 

value to 25.4°, while for that of NH3- plasma treated sample is about 40.1°. Junkar et al. (Junkar 

et al., 2009), also studied nitrogen and oxygen plasma treatment on polyethylene terephthalate 

polymer and reported a lower surface wettability with nitrogen plasma treatment compared to 

oxygen treatment.  

Interestingly, when CNT-BPs were treated with plasma on one side, depending on the 

exposure time, the other side facing impervious material (glass plate) showed a lower contact 

angle value comparing to the virgin CNT-BP. This might be due to the diffusion of plasma 

through the material which can affect surface chemistry of the non-treated side. It was previously 

reported (Chakraborty et al., 2013) that at high residence time of plasma, depending on the 

average pore size of the fabrics, active chemical species might penetrate through the fabric layers 

and affect lower layers. The difference in contact angle values between sides of double sided 

plasma treated CNT-BPs can be attributed to this fact. From the contact angle results in Table 

5-3, it can be concluded that extending plasma exposure time results in higher hydrophilicity.  

5.3.2.  MOF-CNT-BP composite properties 

The morphology of the CNT-BP and MOF-CNT-BP materials was assessed by SEM in 

order to evaluate its interface with MOF and MOF seeding density. Figure B3 presents SEM of 

virgin CNT-BP and plasma treated CNT-BP with O2/Ar for 15min. Comparing plasma treated 

and virgin CNT-BP illustrates that there is no mechanical damage on the sidewalls of the sample 

even after long (i.e. 15 min) plasma treatment. The effect of plasma treatment on surface 
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reactivity with MOF crystals is shown in Figure 5-3. Virgin BP shows almost no affinity towards 

MOF crystals as indicated by poor MOF coverage while the affinity of surface increases after 

plasma treatment with NH3 and O2/Ar. This enhancement is attributed to the CNT-BP surface 

characteristic change by plasma treatment which enhances the growth of MOF nano-crystals by 

creating a large number of potential nucleation sites. Also, comparing SEM images of samples 

treated with O2/Ar and NH3 indicates that the former provides more MOF coverage on CNT 

surface than the latter. This might be related to the formation of hydroxyl groups on the CNT 

surface upon plasma treatment. It has been proven that the interaction between acidic species 

with –OH is energetically more favorable than that at carbon atoms attached to –OH with C=O 

bond (in the carboxylic group) (D'Souza and Kadish, 2014). Since plasma treated samples were 

immersed in the solution of an organic acid and organic solvent, so the presence of –OH group is 

much more favorable than carboxylic groups.  

  

 

10µm  

(a) 

10µm  

(b) 
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Figure 5-3. Impact of plasma treatment on surface affinity towards MOF crystals, (a) 

virgin CNT-BP, (b) single side plasma treated CNT-BP with NH3 for 3min and (c) single side 

plasma treated CNT-BP with O2/Ar for 3min  

On the other hand, the formation of hydrogen bonds between the CNTs and solvent 

molecules, such as water or alcohols, will facilitate wettability and ameliorate the interactions 

between MOF solution and CNT, resulting in higher MOF crystals seeding densities and 

coverage across the CNT-BP surface (Gascon et al., 2008). The effect of plasma treatment 

duration is illustrated in Figure 5-4. From 3min to 5min treatment, the crystals accumulate on the 

stem and form a cluster. While prolonging the plasma duration to 7min results in a mixture of 

single and clustered crystals on the surface.  

10µm  

(c) 
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Figure 5-4. Impact of plasma duration on surface affinity towards MOF crystals, (a) 3min, 

(b) 5min and (c) 7min, double side treated with O2/Ar, crystallization time = 20h 

Figure 5-5 shows the impact of single or double sided plasma treatment on surface MOF 

coverage. The density of MOF crystals on each side of the double-side treated samples was 

found to be lower than that of the samples treated only on one side. This might be due to the 

competition between crystal seeds to sit on the active sites located on both sides of double-side 

treated CNT-BPs. As stated earlier, although both sides of CNT-BPs were treated under the same 

condition, due to the plasma diffusion, the wettability, hence density of active species on one of 
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10µm  
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10µm  
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the sides could be higher. Accordingly, the density of MOF crystals on one side of double-side 

treated CNT-BP was higher than the other one.  

  

 

Figure 5-5. Impact of side treatment on surface affinity towards MOF crystals, (a) side 1 

of double side treated sample, (b) side 2 of double side treated sample and (c) single side treated 

sample, treated with NH3, treatment duration=5min, crystallization time=15h 

Figure 5-6 shows the impact of MOF crystallization time on the size of crystals. For 

crystallization time equal to 15 h (Figure 5-6a), the first micrometric-sized crystals of MOF were 

obtained, and therefore the crystallinity of the mixture increased. Employing longer 

crystallization time up to 20 h (Figure 5-6b), provided enough time for the crystals to grow and 

(b) 

10µm  

(a) 

10µm  

(c) 

10µm  
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fully develop, which shows the typical faceted morphology for this synthesis (Sanchez-Lainez et 

al., 2015). It can be concluded that longer crystallization time results in formation of larger 

crystals and yields clusters of crystals attached to each other from stem. 

  

Figure 5-6. Effect of crystallization time on MOF growth, (a) 15h crystallization, (b) 20h 

crystallization, single side treated with O2/Ar, treatment duration of 3 min 

The thermal stability of the MOF-CNT-BP structures was also investigated by TGA analysis. 

Thermal properties of adsorbent materials are critical since in some separation processes (such as 

CO2 separation from flue gas) the temperature may reach as high as 232 °C (Wong, 2009). The 

TG curves of MOF-CNT-BP and Mg-MOF-74 presented in Figure B4 show a clear reduction in 

weight as soon as samples are exposed to the dry nitrogen gas stream in the TGA furnace and is 

attributed to the removal of hydration water molecules from the crystal structure. After a first 

sharp decrease of ~7.8% in weight of MOF-CNT-BP up to 120 °C, which is corresponding to 

non-coordinated water removal, the rate of weight loss level off until it reach to 166 °C. The 

second weight loss, corresponding to 27.2%, was however related to the removal of metal-

coordinated water and solvent molecules within the MOF structure (Bernini et al., 2015), and 

was continued until the decomposition of framework to magnesium oxide which commence at 

10µm  10µm  

(b) (a) 
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above 400 °C (Dietzel et al., 2008). Comparing to Mg-MOF-74, the TG curve inclination of 

MOF-CNT-BP was sharper and exhibited a continuous decrease in weight up to 305 °C which 

may be attributed to further removal of solvent molecules, since MOF-CNT-BP samples were 

dried at low temperature (80 °C) to preserve the CNT properties, while the Mg-MOF-74 crystals 

were dried and activated at 250 °C. This trend can be clearly observed from DTG curve where 

MOF-CNT-BP showed a peak centered at 261 °C while Mg-MOF-74 reached a plateau from 166 

to 305 °C, indicating that most of the solvent within the framework was already removed during 

the MOF activation process. 

The third weight loss in the TG curve of MOF-CNT-BP, corresponding to 18.6% occurred 

above 400 °C which is related to the decomposition of the framework and yields magnesium 

oxide (Dietzel et al., 2008, Jiao et al., 2015). For all MOF-CNT-BP samples, the decomposition 

temperature is higher than that of Mg-MOF-74 (435 vs 430 °C) indicating a slight improvement 

in thermal stability of Mg-MOF-74 over CNT-BP compared to parent Mg-MOF-74. The whole 

decomposition process to render MgO from Mg-MOF-74 involves a weight loss of 53.6%, 

corresponding to complete removal of all water molecules within the framework which 

accompanies with collapse of the framework and is in good agreement with reported value (57%) 

by other researchers (Dietzel et al., 2008).  

After total decomposition of framework to MgO at ~550 °C, the TG curve of Mg-MOF-74-

CNT-BP, reach a plateau indicating stability of CNT-BP under nitrogen atmosphere. Similar 

studies showed almost intact structure of MWCNTs under anaerobic condition even up to 800 °C 

(Mahajan et al., 2013). 
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The specific surface area of adsorbents is critical to evaluate the activity and adsorption 

capacity of materials. Table 5-4 presents the BET surface area and pore volume of the MOF-

CNT-BP samples. Compared to virgin CNT and Mg-MOF-74 with a specific surface area of 

254.8 and 637.8m
2
/g and an average pore volume of 0.7 and 0.4 cc/g, respectively, the surface 

area and pore volume for all MOF-CNT-BP samples decreased. The lower surface area of the 

MOF-CNT-BP samples in the present work can be attributed not only to the presence of Mg 

species in the CNT pores, but also to the different condition applied for synthesis, since MOF-

CNT-BP samples dried at low temperature (80 °C). The outgassing temperature was determined 

based on the optimal temperature at which the non-coordinated water molecules remaining at the 

framework channels can be evacuated, without removing metal-coordinated water. 

Table 5-4 shows when samples outgassed at 120 °C under nitrogen atmosphere, the nitrogen 

adsorption capacity and consequently the specific surface area is low, showing that the pores 

remain mostly blocked with guest molecules, probably DMF. DTG curve for MOF-CNT-BP 

sample in Figure B4 also shows a continual weight loss from 166 to 368 °C, which is even after 

removal of non-coordinated water molecules and can be attributed to the evacuation of 

framework from guest molecules. But when samples were outgassed at 250 °C, the nitrogen 

adsorption and surface area strongly increased. Bernini and coworkers (Bernini et al., 2015) 

studied the effect of outgas temperature on adsorption properties of Mg-MOF-74 and reported 

that at low outgas temperature (100 °C), most of MOF pores remain blocked due to the presence 

of solvent molecules. 
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Table 5-4. Summary of the properties of the MOF-CNT-BP membrane composites 

5.3.3.  CO2 volumetric adsorption results 

Figure 5-7 presents the CO2 volumetric adsorption of all MOF-CNT-BP samples. Figure 

5-7a compares CO2 adsorption of Mg-MOF-74 and MOF-CNT-BP at 25°C and 1 atm. Mg-MOF-

Sample MOF 

(%) 

Pore 

Volume 

(cc/g) 

BET Surface area 

(m
2
/g), outgassed 

at 120°C 

Decrease in 

surface area 

(%) 

BET Surface area 

(m
2
/g), outgassed 

at 250°C 

Virgin CNT-BP 0 0.70 _  254.8 

Mg-MOF-74 _ 0.40 _  637.8 

MCO3,1s-Cr15 55.8 0.16 27.2 89.3 78.2 

MCO3,2s-Cr15 60.3 0.07 22.1  91.3 _ 

MCO3,2s-Cr20 70.9 0.19 61.7 76.0 _ 

MCO5,2s-Cr20 61.8 3.12 _ _ _ 

MCO7,1s-Cr15 74.2 0.35 77.2 69.7 201.7 

MCO7,2s-Cr20 64.1 0.06 13.0 94.9 74.2 

MCN3,1s-Cr20 64.9 0.11 22.4 91.2 _ 

MCN3,2s-Cr15 67.6 0.06 20.9 91.8 _ 

MCN3,2s-Cr20 56.3 0.14 49.7 80.5 287.3 

MCN5,1s-Cr15 69.9 0.21 48.1 81.1 164.1 

MCN5,2s-Cr15 56.7 0.44 80.7 68.3 _ 

MCN5,2s-Cr20 61.1 0.55 58.4  77.1 _ 

MCN7,1s-Cr20 63.9 0.09 47.9 81.2 _ 

MCN7,2s-Cr15 53.2 0.28 54.5 78.6 _ 
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74 has a CO2 adsorption capacity of only 3.1 mmol/g, while incorporated Mg-MOF-74 on a 

CNT-BP (treated with O2/Ar, for 3min) has the highest CO2 adsorption capacity of 10.7 mmol/g 

suggesting enhanced affinity towards CO2 due to the presence of CNT-BPs. 

The CNT-BP has an interpenetrating structure and hierarchical nanopores that improve 

the storage capability of the composite. In fact, MOF with a structure full of void spaces, is not 

beneficial for the retention of small molecules at ambient conditions owing to weak dispersive 

forces, whereas incorporating CNT-BP which is made of dense array of layers enhances the 

dispersive forces (Petit et al., 2010).  
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Figure 5-7. CO2 volumetric adsorption of virgin CNT-BP and Mg-MOF-74-CNT-BPs at 

25°C, Impact of (a) plasma gas, (b) plasma treatment duration for samples treated with O2/Ar, (c) 

plasma duration for samples treated with NH3, (d) plasma treatment side effect, and (e) 

crystallization duration 

The pore size distribution (PSD) of MOF-CNT-BP samples is shown in Figure 5-8, 

representing the mesoporous structure of these materials, which further improves the storage 

capacity. The PSD data can be divided into two regimes with pore sizes of <20 Å (I) and 20-50 

Å (II). These two classes reflect the role of incorporated CNT-BPs in pore structure change. As it 

can be seen from Figure 5-8, Mg-MOF-74 has microporous structure with pores distributed in 

the first range (<20 Å), while Virgin CNT-BP is mesoporous and its incorporation to MOF 

material resulted in a mesoporous composite of MOF-CNT-BP. The new porosity may be caused 

by new pores created at the interface between the MOF units and the CNT layers owing to the 

coordination of the oxygen groups of CNT-BP with the metallic centers of the MOF (Zu et al., 

2014). The presence of new porosity enhances the dispersive forces which is the main attribute to 

the enhanced CO2 adsorption (Petit et al., 2010).  
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Figure 5-8. Pore size distribution of virgin CNT-BP, Mg-MOF-74 and MOF-CNT-BP 

Also, SEM analysis of MOF-CNT-BPs confirms a highly interconnected network 

between MOF and CNT-BP with retained shape of MOF crystals suggesting good prior contact 

between MOF and CNT-BP which alleviates any drawback during MOF crystallization and 

growth such as agglomeration of crystals in the solution. Research studies on different MOF-

carbon membranes revealed the fact that interfacial interaction between MOF and carbonaceous 

surface results in superior adsorption properties over parental MOF owing to the synergetic 

effect of the parent materials such as well- separation of the MOFs, and inhibition of distortion 

and bundling in CNT (Petit and Bandosz, 2011).  

CO2 volumetric adsorption results can be categorized in four groups: 

(a) The effect of plasma gas 

Figure 5-7a compares the CO2 uptake capacity of MOF-CNT-BP samples (MCO3, 2s-Cr15 

and MCN3, 2s-Cr15) which has same preparation conditions but different plasma gas treatment, 
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i.e., O2/Ar and NH3, respectively. The results highlights that sample treated with O2/Ar have 

higher affinity (10.7mmol/g) towards CO2 than the one treated with NH3 (6.2mmol/g). This 

behavior can be attributed to a better distribution of MOF crystals on CNT-BP’s upon treatment 

with O2/Ar than NH3. Plasma treatment with O2/Ar provides better wettability on the surface of 

CNT-BP as it introduces carbonyl and hydroxyl groups which enhances the interaction of CNT 

surface with water and polar solvents in the MOF solution and as a result, a better coverage of 

MOF on CNT surface would be provided, while NH3 treatment functionalize surface with 

carboxylic groups as it was confirmed by XPS results. Raman spectroscopy results also 

confirmed the presence of oxygen functional group on the surface after plasma treatment with O2 

/Ar.  

(b) The effect of plasma treatment time 

Figure 5-7b presents the adsorption capacity of samples treated with O2/Ar at different 

exposure times of 3, 5 and 7min which are 10.7, 7.9 and 5.5mmol/g, respectively. This 

decreasing trend in adsorption capacity can be related to the amount of hydroxyl group on the 

surface. As also presented in Table B1, the C-O fraction first increases, and then decreases with 

increasing treatment time, whereas the C=O and O-C=O fraction increases. It is possibly due to 

the reaction mechanism of generation of C-O, and transformation to C=O and O-C=O bonds as 

proposed by Chen et al. (Chen et al., 2009). A combination of CO2 adsorption capacities and 

contents of hydroxyl groups implied that CO2 uptake capacities seemed to be correlated with the 

content of hydroxyl groups. 

For samples treated with NH3 plasma (Figure 5-7c), a sharp increase in CO2 adsorption 

was observed as the plasma treatment time increased from 3 to 5min (2.0 to 4.9mmol/g) but as 

the treatment time increased to 7min, the adsorption capacity remained unchanged. This is likely 
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related to a saturation of surface dipoles stemming from the plasma treatment (Merenda, 2015). 

We can attribute the adsorption trend to the changes in surface functionalities as discussed earlier 

in section 5.3.1. From Table B2, the amount of surface hydroxyl group increased by about 37% 

when plasma exposure time changed from 3 to 5min, but it remained intact when prolonging the 

plasma treatment by 7min. 

(c) The effect of plasma side treatment 

The CO2 adsorption capacities of samples treated with NH3 plasma is shown in Figure 

5-7d to investigate the effect of side treatment. Compared to MCN5, 1s-Cr15 which has been 

treated with NH3 for 5min on one side, sample MCN5, 2s-Cr15 with similar plasma treatment 

but on both sides, shows 25% lower CO2 uptake (4.90 vs. 6.59mmol/g). As it was earlier 

mentioned in SEM analysis, one side plasma treatment provides more active sites on CNT-BP 

surface compared to double side treatment. Hence the density of MOF crystals would be higher 

in the former case, and accordingly more CO2 adsorption is expected. 

(d) The effect of crystallization time 

The effect of crystallization time on sample MCN3, 2s-Cr15 and MCN3, 2s-Cr20 is 

presented in Figure 5-7e. The CO2 uptake of MCN3, 2s-Cr15 was greater by a factor of 1.9 than 

that of MCN3, 2s-Cr20. Based on SEM results, 15h crystallization yielded relatively smaller 

MOF crystals as they have limited time for growth compared to 20h crystallization. This might 

be attributed to a decrease of the channel length in each grain of the adsorbent (MOF), which 

results in high accessibility under the same condition, since diffusion is a limiting parameter in 

CO2 access into the MOF crystal. In other words, the sorption ability of MOF-CNT-BP improved 

1.9 times with a decrease in MOF crystal size. Our result is in good agreement with Kim group’s 
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work (Kim et al., 2016), where they reported an enhanced CO2 adsorption kinetics by reducing 

the amine-modified MOF crystal size. 

5.4.  Conclusions 

The significant outcomes of this study are related to the impact of the plasma treatment 

on the CNT surface and its function towards gas adsorption. The Raman spectroscopy analysis 

demonstrated that plasma treatment on CNT was successful to functionalize the surface by 

inducing oxygenated groups on the surface which has been correlated more to the surface 

chemistry rather than mechanical change in carbon structure. The contact angle test confirmed 

that plasma treatment has drastically transformed hydrophobic surface to hydrophilic surface 

which by XPS analysis, determined to be due to the presence of hydroxyl groups more than 

carboxylic groups. It was observed that plasma treatment with 30% O2 /Ar was more effective 

than treatment with NH3 in terms of increasing the surface hydroxyl groups. The presence of a 

surface saturation mechanism was also confirmed, which is consistent with the literature. Given 

the plasma parameters applied, short plasma duration seems to be ample to introduce as much 

functionalities as allowed. Moreover SEM micrographs showed that plasma treatment was an 

effective method to anchor MOF crystals on the surface of CNT-BP. The study of crystallization 

time effect on capture capacity of prepared MOF-CNT-BP samples revealed that limiting the 

crystallization time results in smaller crystals which diminishes the diffusion resistance and 

enhances CO2 access to MOF crystals. CO2 adsorption was considerably higher on the hybrid 

MOF-CNT-BP compared to that of the parent materials (10.7 mmol/g for MOF-CNT-BP vs 3.1 

and 0.35 mmol/g for Mg-MOF-74 and virgin CNT, respectively). A significant improvement in 

adsorption capacity of the MOF-CNT-BP samples was ascribed to the positive features deriving 

from compositing the parent materials. In this respect, growth of MOF on CNT-BP platforms 
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was found to benefit their formation and functionality through number of ways including 

increased dispersive forces, preventing agglomeration and enhanced MOF-CNT interfacial 

interaction following plasma treatment. 
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CHAPTER 6. SENSITIVITY ENHANCEMENT IN PLANAR 

MICROWAVE ACTIVE-RESONATOR USING METAL ORGANIC 

FRAMEWORK FOR CO2 SENSING 

6.1.  Introduction 

Carbon dioxide is the main greenhouse gas emitted from sources such as fossil fuel 

power plants. Several approaches have been investigated to reduce the release of anthropogenic 

CO2 amongst which carbon capture and storage (CCS) has been widely used (Yang et al., 2008). 

Meanwhile the CCS methods are effective and promising at capturing carbon dioxide, 

monitoring CO2 at gas stream is still an attractive topic for environmental safety applications. To 

this end, it is of a great interest to develop gas sensors to detect and monitor changes of carbon 

dioxide concentration in a gas stream. 

CO2 sensors compatible with room temperature are playing an important role in many 

applications such as process control in food industry, indoor and outdoor air quality control, and 

monitors for biotechnology, etc. (Sala et al., 2000, Thomas et al., 2004, Stegmeier et al., 2009, 

Chiang et al., 2013). Recently, the application of material-assisted sensors is gaining interest for 

gas sensing, mostly due to the fact that strong inclusion of an analyte (target gas) in the sensing 

material facilitates its detection at lower limits (Kumar et al., 2015), and works based on sensing 

of the change in material properties due to chemical interaction between target gas and sensing 

material. Specifically, there has been increasing research and development on CO2 monitoring 

and sensing using this technique which can be classified into two categories: (i) development of 

sensing devices and (ii) exploration and fabrication of novel sensing materials.  

Sensing devices work based on various operating principles, such as capacitive, resistive, 

or optical sensing. Optical sensing works based on the measurement of IR absorption in the 
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range of 4200-4400nm, they are contactless but bulky and have expensive readout circuitry with 

high chances of interference from CO, as CO has similar absorption in the same IR range 

(Lübbers and Opitz, 1975, Leiner, 1991). Resistive sensors which operate based on the change of 

the electronic resistance of a sensitive layer (mostly semiconducting metal oxide) upon 

interaction with a target gas (Wagner et al., 2013), have several inherent advantages including 

immunity to interference from other gases and compact size but are also prone to electrical noise 

and drift such as temperature and humidity variation (Lübbers and Opitz, 1975, Leiner, 1991, 

Wagner et al., 2013). Capacitive sensors monitor the change in the permittivity of a material as a 

function of the concentration of a target gas (Wark et al., 2003, Wagner et al., 2013). 

With respect to capacitive sensors, several configurations based on the interaction 

between specific gas (such as CO2) and a coating material on sensor have been developed 

that are able to work at low temperature with high stability, sensitivity, and selectivity towards 

target gas. A group of the sensing materials, which have the ability of CO2 detection at low 

temperature, are noble metal oxides such as SnO2 acting as an electrode sensor for CO2. In this 

approach, carbonates of alkali metals serve as solid electrolytes with high sensitivity towards 

CO2 concentration change (Dobrovolsky et al., 1995). In addition, layered reduced graphene 

oxide (RGO) sprayed onto inter-digital electrodes (IDEs) was employed for sensing mechanism 

investigation on exposure to CO2 gas mixture (Zhou et al., 2014). Ioannis et al., proposed a 

zeolite (faujasite)-Metglas composite material for CO2 detection using the change in resonance 

frequency of Metglas magnetoelastic strip (made of metallic alloys or composites of rare 

elements) (Giannakopoulos et al., 2005).  

Recently Metal Organic Frameworks (MOFs) adsorbents have been intensely studied for 

adsorptive separation of gases such as CO2 due to the unique properties of the framework (e.g., 
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ultrahigh porosity, and presence of active metal ions within the framework). Previous studies 

showed that MOF-based sensors can provide real-time information on the concentration of 

different components in the exhaust gas such as NOX, benefiting the diesel engine management 

system to finely tune the active emission control. This will significantly increase the engine 

efficiency and provide information on the lifetime of filters (Wales et al., 2015). Another 

interesting approach could be integrating them with sensing devices for chemo-sensing as well as 

bio-sensing applications (McKinlay et al., 2010, Jung et al., 2011). The most common type of 

MOFs for such application is Cu-based MOFs. Zybaylo et al. (Zybaylo et al., 2010), using Cu-

BTC MOF (MOF-199) on QCM gold electrode studied the mass uptake of pyridine via 

corresponding binding energy. Allendorf et al. integrated the same MOF with a piezoresistive 

microcantilever, which selectively senses water and can be also served as a CO2 detector when it 

is completely dehydrated (Allendorf et al., 2008). MOF-199 was also used for the fabrication of 

a capacitance film sensor (Liu et al., 2011). MOF-199 coated on silver nanoparticles functioned 

as a CO2 sensor device and resulted in a 14-fold enhancement of the CO2 sensing signal through 

selective uptake of CO2 in the MOF pores (Kreno et al., 2010). The aforementioned examples 

confirm the versatility of MOF to be effectively integrated with various detection systems to 

serve as gas sensor. However, research on the synthesis and application of MOFs for CO2 

detection is in its infancy and needs further investigation. 

Microwave resonator devices have demonstrated excellent potential for sensing 

applications in different applications including moisture detection (Kot et al., 2015), permittivity 

characterization (Ebrahimi et al., 2014, Galindo-Romera et al., 2016), Volatile Organic 

Compound (VOC) detection (Korostynska et al., 2014, Morán-Lázaro et al., 2016) and have 

demonstrated attractive readout circuitry method leading to low-cost, robust, non-destructive, 
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sensitive, and long life-time devices (Ebrahimi et al., 2014, Korostynska et al., 2014, Afshar et 

al., 2015, Ateeq et al., 2016, Wang et al., 2016, Zarifi et al., 2016). These sensors are sensitive to 

dielectric property (permittivity and conductivity) variation of interface materials, which alter the 

electric field distribution around the sensor, and enable contactless sensing operation. In many 

reported microwave gas sensors, an interface material such as polymer (Chen et al., 2013, 

Sohrabi et al., 2014, Bhadra et al., 2015, Zarifi et al., 2015), nanotubes and nanoparticles 

(Cismaru et al., 2016, Morán-Lázaro et al., 2016, Zarifi et al., 2016), activated carbon beads 

(Zarifi et al., 2015) and zeolite materials (Anderson et al., 1997, Dietrich et al., 2014, Chen et al., 

2015, Dietrich et al., 2015, Zarifi et al., 2017) are used to enhance the sensitivity and selectivity 

to a targeted gas or vapor, where any changes in the interface material, is correlated with a 

variation in a readout parameter and thus to the concentration of the gas under test. The dielectric 

property variation in the intermediate material can be reflected in different amplitude, frequency, 

and quality-factor of transmission/reflection-characteristics of the sensor device.  

Recent studies on selective CO2 detection still need further investigation, both in 

development of sensor devices and sensing materials. In this work, a high resolution microwave 

resonator sensor (Zarifi et al., 2015, Zarifi et al., 2015, Zarifi and Daneshmand, 2016) is utilized 

for monitoring CO2 adsorption, in a mixture of He/CO2, on three different adsorbent materials at 

room temperature (20 ̊C). MOF-199 was synthesized by two different solvothermal methods and 

its CO2 uptake was compared to that of a benchmark zeolite 13X. These materials were placed in 

the most sensitive area of the sensor and the changes in their permittivity during adsorption were 

monitored via tracking the resonant frequency variation of the sensor device. This approach 

clearly demonstrates the effect of material selection on the sensitivity and illustrates the potential 

of the sensor device for real-time monitoring of the adsorbent materials’ lifetime.  
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6.2.  Materials and methods  

6.2.1.  Chemicals and reactants 

All chemicals in this study including N, N, dimethylformamide (DMF) (99.8% 

anhydrous), Ethanol (90% anhydrous), copper nitrate tri-hydrate (99%), and dichloromethane 

(anhydrous, 99.8%) were purchased from Sigma Aldrich. Copper nitrate hemipenta-hydrate 

(ACS reagent, 98%) and trimesic acid (98%), were acquired from Arcos Organics. Zeolite 

samples (13X) used in this work was pellets (2.5–5 mm) purchased from Advanced Specialty 

Gas Equipment.  

6.2.2.  MOF crystals seeding and growth  

MOFs were prepared following two different procedures as described below: 

1. In a typical preparation of MOF-199 (Rowsell and Yaghi, 2006), Trimesic 

acid (5g) and copper nitrate hemipenta-hydrate (10g) were dissolved in 250 mL of a 

solvent mixture of dimethyl formamide, ethanol and de-ionized (DI) water (1:1:1) 

placed into a 400 mL sealed Schott bottle. The solution was then sonicated for 30 min 

to get a homogeneous solution. The mixture was placed inside a Teflon-lined 

autoclave and heated at 85 °C in oven (Lindberg/Blue- BF51732 series) for 20 h to 

achieve full crystal growth. After growth, the mother liquor was decanted using 

cellulose acetate filter papers (Whatman, grade 5) under vacuum filtration. The blue 

crystalline product was washed with DMF (10 mL), then exchanged with 

dichloromethane and decanted. The purification steps were repeated over 2 days to 

exchange the DMF guest molecules. The product was then dried under vacuum at 170 

°C for 24 h to remove remaining ethanol traces. (The prepared sample is referred as 

MOF-199-M1 throughout the paper) 



168 

 

 
 

2. In the second method (Chowdhury et al., 2009), copper nitrate trihydrate 

(4.48g) and trimesic acid (1.96g) were dissolved in a 50 ml solution of ethanol and DI 

water (1:1), then placed into a 100 mL sealed Schott bottle. The solution was then 

sonicated for 30 min to get a homogeneous solution. The mixture was placed inside a 

Teflon-lined autoclave and heated at 140 °C in oven (Lindberg/Blue- BF51732 series) 

for 48 h. After growth, the mother liquor was decanted using cellulose acetate filter 

papers (Whatman, grade 5) under vacuum filtration and washed with DI water. The 

purification steps were repeated over 2 days to exchange the guest molecules. The 

product was then dried under vacuum at 85 °C overnight. (The prepared sample is 

referred as MOF-199-M2 throughout the paper) 

6.2.3.  X-Ray Diffraction (XRD) analysis 

In order to confirm the structure of the prepared MOFs with the literature, XRD analysis 

was performed. Powder XRD measurements were conducted with a Rigaku Ultima IV unit 

equipped with a D/Tex detector and Fe filter. The results were obtained with Co-K wavelength 

with the average wavelength of 1.790260 Å (Cobalt tube 38 kV, 38 mA). Samples were run from 

5 to 90° on a continuous scan using a top-pack mount at 2° 2-θ per minute with a step size of 

0.02°. Patterns were characterized using JADE 9.1 with the 2011 ICDD database. 

6.2.4.  X-ray photoelectron spectroscopy (XPS) 

The surface composition of MOFs was determined using XPS. The analysis was 

conducted using Kratos AXIS 165 instrument with Mono Al Kα radiation at 210 W and 14 kV 

under ultrahigh vacuum (10
-9

Torr). All the spectra were calibrated to C1s peak at 284.5 eV. 
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6.2.5.  Scanning Electron Microscopy 

Scanning Electron Micrographs (SEMs) were acquired on a Zeiss Sigma (Gemie) FEG-

SEM at an accelerating voltage of 10 keV and a working distance of 21 mm. The samples were 

mounted on aluminum stubs with carbon tape and coated with a 6 nm thick layer of Au prior to 

analysis to minimize charging and prevent beam damage across the crystals.  

6.3.  Experimental set-up 

6.3.1.  Gas adsorption-VNA set-up 

The experimental set-up for gas adsorption is illustrated in Figure 6-1. The sample was 

located on the sensor panel covered by a Teflon container (0.88cm inner diameter, 0.5cm long) 

to avoid any effect from surrounding environment. The sample was exposed to the feed gas 

which consisted of a mixture of dry helium (He, 99.998% purity) and dry CO2 (99.9% purity). 

To adjust the concentration of CO2 in the gas stream and control the gas flow rate, two separate 

mass flow controllers (Alicat Scientific) were used. The adsorbent permittivity was monitored 

during the adsorption by the sensor (Zarifi et al., 2015, Zarifi et al., 2015, Zarifi et al., 2017) 

connected to a Vector Network Analyzer (VNA-PXI 1075). 
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Figure 6-1. Schematic diagram of gas adsorption set-up 

6.3.2.  CO2 volumetric adsorption 

CO2 volumetric adsorption measurements were conducted on a sorption analyser 

(Quantachrome model iQ2) at 298K. Prior to the measurements, the samples were outgassed at 

110 C under vacuum for 10 h. The adsorbed amount was determined from CO2 adsorption 

isotherm by the Dubinin-Astakhov equation (Singh and Anil Kumar, 2016) in the pressure range 

from 0 to 1 atm. 

6.4.  Results 

6.4.1.  Characterization Test Results 

Obtained XRD Patterns of MOF-199-M1 and MOF-199-M2 are presented in Figure 6-2a, 

showing the characteristic peaks associated with MOF-199 at 2θ: 9.51, 11.71 and 13.51, 

corresponding to (220), (222) and (400) diffraction peaks, respectively (Rowsell and Yaghi, 

2006, Casco et al., 2015). For MOF-199-M2, a small shift in peak positions to a lower angle was 
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observed. The peak shift might be due to a change in d-spacing of planes i.e., changing in lattice 

parameter. If the sample is strained the shifts will normally be greater at high angles than low 

angles, which seems to be the case in sample MOF-199-M2. These shifts reflect the change in 

interatomic distances in the material. The deviation in the peak position can be translated into 

macroscopic strain such as lattice vacancies (Epp, 2016), as it was also confirmed with XPS 

results. 
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Figure 6-2. Characterization results: (a) XRD spectra, (b) High resolution XPS spectra, 

and (c) SEM images of synthesized MOF-199 samples 

A typical XPS spectrum of Copper nanoparticle (as in MOF-199) was measured and the 

spectrum of Cu 2p3/2 is depicted in Figure 6-2b. The Cu
2+

 peaks appeared at 933, 935 and 942 

eV, which attributed to CuO. The peak at lower binding energy (932.50 eV) is attributed to 

saturated metallic state of copper (Liu et al., 2004, Biesinger et al., 2010). 

Comparing the XPS spectrum of as-prepared samples, one can conclude that sample 

MOF-199-M2 does not contain any saturated metal copper, i.e., Cu (0), and includes mostly of 

Cu (II). Figure 6-2b, presents a comparison of XPS peaks for MOF-199 prepared from different 

precursors. MOF-199-M1 shows much stronger peaks in intensity, which can be an indicative of 

solvent presence in the framework and can have a detrimental effect on gas adsorption capacity 

of sample. 

Figure 6-2c presents SEM image of as prepared MOF-199 (the crystal structure of both 

types of MOF-199 is identical). The small octahedral crystals are typical MOF-199 crystals 

resulting from growth experiment, according to the literature (Liu et al., 2010). 

6.4.2.  Microwave Results 

The setup for gas sensing experiments is presented in Figure 6-3a. Two DC signals were 

providing the bias voltage to the active circuitry of the sensor and microwave signals were fed 

through ports 1 and 2 to the resonator. Resonant profiles for device with no material (blank), 

with MOF-199-M1, 2 and Zeolite 13X were measured as the transmitted power to the reflected 

power ratio (S21) and presented in Figure 6-3b. The resonant profiles were recorded while pure 

He was purging the adsorbents, and were used as the baseline for the further measurements. 

Zeolite 13X demonstrates two times larger shift on resonant frequency than MOF-199-M2 
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(Figure 6-3b), which confirms the higher dielectric constant of Zeolite 13X compared to MOF-

199-M2 adsorbent (Usman et al., 2015). The environmental conditions such as temperature 

(20 ̊C) and the relative humidity (14 %) were constant and monitored separately during the 

experiment. The sensor response for the adsorbents in presence of pure He was monitored for an 

hour prior to addition of CO2 to the gas stream. The results confirmed a constant and invariant 

response for each adsorbent in the inert environment.  

 

Figure 6-3. (a) experimental setup with the microwave active resonator sensor, (b) 

resonant profile (S21) of the sensor without any material (blank), with MOF and Zeolite while 

being purged with He at a rate of 200 SCCM at room temperature. 

Different concentrations of CO2-He mixture were passed over the adsorbents separately, 

while the adsorbent material was placed in the most sensitive region of the sensor. The material 

and sensor were in contact and the adsorbent was purged by He, at a constant rate of 200 SCCM.  

During the adsorption process, CO2 molecules occupy the adsorbent pores. Since the pore 

size of MOF-199 is within 1-6 nm range, the adsorbed molecules of CO2 are present in more 

packed form than in the gas state, condense on the layer of previously adsorbed molecules, and 

form a liquid-like phase. Consequently the density of target gas is similar to that of liquid 
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adsorbate which results in a significant variation in effective permittivity and conductivity of the 

adsorbent. 

Hence, adsorption of CO2 on the MOF affects the effective permittivity of MOF. The 

permittivity variation in the MOF affects the electric field around the sensitive region of the 

sensor which is reflected in a change in the resonant profile of the sensor and can be related to 

the target gas concentration (Zarifi et al., 2015). 

The resonant profile of the sensor is recorded using Labview-assisted VNA (NI-PXIe 

1075) with sampling period of 10 sec. As shown in Figure 6-4a, the resonant frequency variation 

and its transient response demonstrate a strong dependence on CO2 concentration in the stream. 

Figure 6-4b clearly presents the relation between the resonant frequency change and CO2 

concentration in the steady state condition.  

 

 

Figure 6-4. (a) Resonant frequency-shift during the adsorption time for different CO2 

concentration on MOF-199-M2, (b) resonant frequency shift versus different Concentration of 

CO2 in dry He, the error bar is standard deviation of 5 independent experiments per each 

concentration. 
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The effect of bed material on the steady-state, resonant frequency variation for different 

CO2 concentrations is studied by replacing the synthesized MOF material with Zeolite 13X as a 

standard commercially available adsorbent. The results of the resonant frequency-shift versus 

time for different CO2 concentrations are presented in Figure 6-5. 

  

Figure 6-5. Time variant resonant frequency shift of the sensor for different CO2 

concentrations on zeolite 13X, (b) reliability experiment of resonant frequency versus CO2, the 

error bar is standard deviation of 5 independent experiments per each concentration 

The responses of the microwave resonator sensor (resonant frequency variation) are 

compared in Figure 6-6. Adsorption of a constant concentration of CO2 on MOF-199-M2 

demonstrates a large resonant frequency shift, representing a large variation in dielectric 

properties of the adsorbent material relative to its initial dielectric constant. Additionally, for 

higher CO2 concentrations, MOF-199-M2 illustrates a linear response in comparison to the other 

adsorbents. Considering the effective permittivity change in the adsorbent and permittivity of 

condensed gas, the adsorption led to a significant variation on the effective permittivity and 

conductivity of the adsorbent (Zarifi et al., 2017). Variation of adsorbent capacity during 
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adsorption can be monitored by resonant frequency-shift in the sensor response, which is due to 

effective permittivity change in the bed [44].  

 

Figure 6-6. Comparison between the measured resonant frequency-shift of the sensor, for 

different adsorbents at different concentrations of CO2 in dry He, the error bar is standard 

deviation of 5 independent experiments per each concentration. 

6.4.3.  Volumetric Adsorption Results 

Volumetric adsorption profile of three different adsorbents was obtained and presented in 

Figure 6-7 for different CO2 concentrations. The difference in CO2 adsorption isotherm shapes is 

due to the different structural properties. In the case of MOF-199, increasing pressure (or CO2 

concentration) results in a linear increase in CO2 sorption which is due to the specific 

interactions between CO2 molecules and positive charges on the coordinatively unsaturated 

metal sites in the framework (Liang et al., 2009). It was suggested that CO2 attaches to the Cu
2+

 

through one of its oxygen atoms which induces multiple moments to the CO2 molecule, causing 

effective interaction with open metal and overall binding enhancement (Wu et al., 2010). Hence 

presence of more Cu
2+

 in the framework increases the adsorption of CO2, as shown by the XPS 

and volumetric adsorption results. After all unsaturated metal sites are occupied at higher CO2 
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loading, the gas molecules will be adsorbed on the small cages (Wu et al., 2010) through strong 

quadrapole moments (Gutierrez-Sevillano et al., 2013). 

On the other hand, in Zeolite 13X, the adsorption mechanism is mainly due to the slight 

acidity of CO2 molecules which boost the interaction with basic inner micropore surface of 

zeolite with low Si/Al ratio (Aprea et al., 2010). Zeolite 13X consists of 12-ring window with 

dispersed Na
+
 ions. The adsorption principle between CO2 molecule and Zeolite 13X involves 

two steps: CO2 molecule will first contact with strong Na
+
 centers and quadrapole moments of 

CO2 enhances this interaction causing the adsorbate molecule (CO2) to be immobilized (J.A. 

Dunne, 1996). As presented in Figure 6-7, the first part of CO2 adsorption on Zeolite 13X has a 

ramping curvature. When all Na
+
 centers are occupied, an induced weak electric field will be the 

dominant mechanism to affect adsorbate molecule; hence less CO2 will be trapped, and the 

adsorption isotherm curvature will be changed (Deng et al., 2012).  

Based on the volumetric adsorption results, MOF-199-M2 demonstrates higher 

adsorption capacity than MOF-199-M1 for all CO2 concentrations. This behavior can be 

attributed to the presence of more unsaturated metal sites (Cu
2+

) in MOF-199-M2 as also was 

confirmed with XRD and XPS results. Previous studies identified unsaturated metal centers 

(UMCs) as CO2 binding sites on MOF-199 because of enhanced electrostatic interaction with 

CO2 molecules (Wu et al., 2010). CO2 molecules bind to Cu
2+

 sites at low CO2 concentration, 

while pore filling in small cage windows is the adsorption mechanism at high CO2 

concentrations (Wu et al., 2010). Higher adsorption capacity corresponds to more condensed gas 

in the adsorbent and larger variation in the effective permittivity of the adsorbent. Comparing 

these results to microwave sensor’s response (Figure 6-6), demonstrates a conceptual agreement 

between the higher adsorption capacity and larger resonant frequency-shift for materials with 
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similar structure (like MOF-199-M1 and MOF-199-M2). Compared to synthesized MOF-199 

materials, Zeolite 13X demonstrates higher adsorption capacity at lower CO2 concentrations 

(<45 vol. %), but since Zeolite 13X has larger initial permittivity than the MOF-199 (Figure 

6-3b). the microwave sensor shows less sensitivity to effective permittivity change in Zeolite 

13X than the MOF-199. Additionally, the volumetric adsorption graphs demonstrate the 

potential application of microwave sensors at high CO2 concentration (> 45 vol. %) using MOF-

199-M2.  
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Figure 6-7. CO2 volumetric adsorption of MOF-199 and Zeolite 13X samples, T=20°C  

6.5.  Conclusions 

A high resolution active microwave resonator sensor was utilized to study real-time 

dielectric properties variation in zeolite-13X and MOF-199 bed exposed to different CO2 

concentrations in a dry inert gas stream. Despite the lower adsorption capacity of MOF-199 for 
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low CO2 concentrations (<45 %), it has demonstrated higher sensitivity than zeolite-13X, which 

can be related to the initial dielectric properties of the fresh bed materials. In addition, the 

responses of the microwave sensor using two different synthesized MOF materials as adsorbents 

were compared, and MOF-199-M2 demonstrated higher sensitivity than MOF-199-M1 with 

respect to different CO2 concentrations in the gas stream. XRD and XPS results revealed that 

structure difference of two types of MOF-199 was due to the presence of different amount of 

unsaturated Cu
2+

 ions. Adsorption of CO2 on MOF-199-M2 demonstrated a larger resonant 

frequency variation compared to the other two adsorbents, which clearly demonstrates the 

potential of MOF-199-M2 as a sensitive material in microwave CO2 sensor structures. The 

proposed structure is a low-cost, robust, small-size, real-time and planar sensor device, which is 

reinforced by adsorbent material. Further work will study the sensor performance in non-dry gas 

streams at different levels of humidity and its integration with different materials to improve the 

selectivity parameter of the sensor.  
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS 

This chapter summarizes the main conclusions of the research work presented here, and 

provides some recommendations for future research.  This study is mainly focused on effective 

methods to capture CO2 using solid sorbents. At the early stage of this study, activated carbon 

was synthesized from oil sands coke and the effect of different activation agents and heating 

methods was investigated (Chapter 3). In order to enhance the performance of as-synthesized 

activated carbons, amine impregnation was proposed and the function of different amines was 

compared in terms of amine loading, amine type, humidity and capture capacity (Chapter 4). In 

the next phase, a new class of porous materials (MOFs) was proposed as solid sorbents for CO2 

and their capacity was fortified at atmospheric pressure by incorporating them onto the surface of 

carbon nanotubes (Chapter 5). Finally, the application of MOF materials for monitoring CO2 was 

studied using a microwave resonator sensor (Chapter 6). 

7.1.  Conclusions 

1) Coke activation using KOH provides microporous activated carbons with 

low ash and sulfur content, while adding MgO template widens the pores of the 

carbon and results in a mesoporous activated carbon. The research findings showed 

that there is an optimum ratio in KOH and MgO to be added to the coke which could 

enhance the sorption capacity of carbon. FTIR analyses confirmed the decrease in 

surface basic groups upon activation in CO2 which yielded activated carbons with 

25% lower CO2 adsorption capacity compared to those activated in N2. 

2) Amongst three amines (DEA, MDEA, and TEPA) utilized for activated 

carbon impregnation, DEA offered the highest potential for CO2 capture with 5.63 

mmol/g adsorption capacity for AC-DEA sample. It was discovered that there is an 
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optimum in amine loading which further increase, causes blockage of accessible 

volume of pores following by decrease in adsorption capacity. Increasing temperature 

from 50 to 75 °C yielded in a lower adsorption capacity possibly due to the 

exothermic nature of CO2 reaction with amines. The presence of 20% humidity in the 

feed stream enhanced the capture capacity of AC-MDEA samples. 

3) The metal organic framework MOF-74 was successfully embedded onto 

carbon nanotube bucky papers via plasma treatment. Low exposure, one side plasma 

treatment with O2/Ar resulted in an improved interfacial interaction between MOF 

and CNT, which the synthesized sample showed almost three times higher adsorption 

capacity compared to the parent MOF. Long exposure (7 min) plasma treatment 

causes surface saturation of active sites. Also, using NH3 as plasma gas introduced 

mostly carboxylic groups on the surface of CNT-BP which was not efficient enough 

to enhance the wettability of bucky paper surface compared to O2/Ar. 

4) During the adsorption of CO2 on MOF-199 and zeolite 13X, the dielectric 

properties of adsorbents were monitored using a microwave resonator sensor by 

screening changes in resonant frequency. Our study showed the potential of detecting 

low amounts of CO2 (~5 vol. %) using MOF-199. For all three adsorbents (2 types of 

MOF-199 and zeolite 13X), adsorption isotherms were obtained by volumetric 

adsorption and related to the shift in resonant frequency. Despite the lower adsorption 

capacity of MOF-199 for low CO2 concentrations (<45 vol.%), it has demonstrated 

higher sensitivity than zeolite 13X, which can be related to the initial dielectric 

properties of the fresh bed materials. 
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7.2.  Recommendations 

Based on the course of the current research and its findings, it is recommended that 

further research be conducted to include: application to other MOFs, adsorption tests under real 

flue gas composition, and study the sensor performance in non-dry gas streams. 

1) In this study MOF-74 was synthesized and embedded on CNT-BPs for 

CO2 adsorption. This technique can be applied to other MOFs such as ZIF which are 

hydrophobic and include a comparison among these two families of MOFs. 

2) In the current work, the adsorption tests were conducted for the single 

component adsorption (i.e. CO2 and N2), however it is recommended to perform 

adsorption tests at real flue gas composition for multi-component adsorption. 

3) During the CO2 monitoring study by microwave sensor, the humidity 

parameter was fixed for all the experiments. Further work is required to study the 

sensor function in the presence of different levels of humidity and improve the 

selectivity performance of selected adsorbents  
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X-ray Photo electron Spectroscopy Measurement 

In a XPS spectrum, peak intensities of different elements correspond to their atomic percentage 

present in a sample. The atomic percentage of each element then can be easily converted to 

weight percentage by multiplying by its molecular weight. 

Table A1. The atomic percentage of different N1S components determined from relative 

area of corresponding XPS spectra 

Sample Pyridinic-N (%) Pyrrolic-N (%) Graphitic-N (%) Oxidized-N (%) 

Delayed coke 12.32 46.72 38.65 2.31 

AC 39.51 29.73 28.85 1.92 

 

  

 

Figure A1. De-convoluted N1s spectra of (a) raw and (b) activated coke 

(a) (b) 
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Figure A2. N1s spectra of raw and activated coke, and (a) AC-DEA samples, (b) AC-

MDEA samples, and (c) AC-TEPA samples  
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Table B1. Curve fitting results of XPS C1s spectra for O2/Ar plasma treatment 

Sample Sp
2
 % Sp

3
 % C-O % C=O % O-C=O % 

284.1 0.2ev 285.1 0.2ev 286.2 0.2ev 287.2 0.2ev 288.9 0.2ev 

Virgin CNT-BP 58.5 28.0 1.9 9.4 2.2 

Plasma treated CNT-BP, O2/Ar, 3min 28.1 43.6 13.1 12.9 2.3 

Plasma treated CNT-BP, O2/Ar, 5min 20.8 44.3 5.4 29.4 0.1 

Plasma treated CNT-BP, O2/Ar, 7min 19.2 43.0 3.4 24.4 9.9 

 

Table B2. Curve fitting results of XPS C1s spectra for NH3 plasma treatment 

Sample C-C % C-O, C-N % O=C-N, C=O % O-C=O % 

284.8ev 286.4ev 287.4ev 288.8ev 

Virgin CNT-BP 85.9 6.2 5.3 2.6 

Plasma treated CNT-BP, NH3, 3min 62.7 23.1  _ 14.2 

Plasma treated CNT-BP, NH3, 5min 54.0 31.7  _ 14.3 

Plasma treated CNT-BP, NH3, 7min 33.8 30.8 24.2 11.2 
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Figure B1. Carbon 1s electron spectra for (a) double side plasma treated CNT-BP with 

O2/Ar for7min, and (b) double side plasma treated CNT-BP with NH3 for 7 min  

 

Table B3. Raman feature of CNT-BP before and after plasma treatment with O2/Ar and 

NH3 

Sample Peak (cm
-1

) Intensity (a.u.) ID/IG 

Virgin CNT-BP (D) 1342.67 24014.6 

0.51 

(G) 1570.65 47067.2 

Single side plasma treated CNT-BP, NH3, 

3min 

(D) 1342.67 20630.1 

0.60 

(G) 1571.86 34135.9 

(b) (a) 
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Single side plasma treated CNT-BP, O2/Ar, 

3min 

(D) 1342.67 13836.5 

0.69 

(G) 1573.07 19954.9 
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Figure B2. Raman spectrum of virgin CNT-BP, and single side plasma treated CNT-BP 

with O2/Ar and NH3 for 3 min  
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Figure B3. SEM images of (a) virgin and (b) single side plasma treated CNT-BP with 

O2/Ar for 15min  
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Figure B4. Gravimetric analysis of the Mg-MOF-74 decomposition for Mg-MOF-74 and 

MOF-CNT-BP (single side treated CNT-BP with O2/Ar for 3 min, 20 h crystallization) 

 


