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Abstract 

The utilization of ionic liquids (ILs) for CO2 capture applications has recently gained 

considerable attention due to several remarkable properties including a high CO2 solubility, 

low volatility, and thermal stability. However, the cost and, in some cases, high viscosity 

of ILs are considered the major challenges for their wide scale applications in CO2 capture. 

One of the promising approaches to overcome these limitations is to incorporate ILs into 

solid porous materials also known as supported ILs (SILs) that were shown to enhance 

performance in various applications such as catalytic esterification reaction, ionic 

conductivity, and gas separation applications.  

In this work, the functionalization of various porous materials such as metal organic 

frameworks (MOFs) and mesoporous silica supports using ILs for applications in CO2 

separation is presented. The immobilization of three ILs namely 1‑Butyl-3-

methylimidazolium Acetate [bmim][Ac], 1‑Ethyl-3-methylimidazolium Acetate 

[emim][Ac], and 1‑Propyl-3-methylimidazolium bis(Trifluoromethylsulfonyl)imide 

[pmim][Tf2N] into different solid sorbents including zeolitic imidazolate framework 

(ZIF-8), Copper benzene-1,3,5-tricarboxylate (HKUST-1), chromium 1,4-

benzenedicarboxylate (MIL-101), mesostructured silica (MCM-41), and (SBA-15) is 

reported. The synthesis, characterizations and CO2 capture performances of the different 

ILs-supported solid sorbents is presented to investigate the impacts of the nature of the 

ILs used, IL loading, and the role of synthesis methods on the physicochemical properties 

and CO2 capture performance. Thermogravimetric analysis (TGA) experiments were 

carried out under nitrogen environment to study the thermal stability of the composite 

materials and to quantify the composition of the impregnated samples. Fourier transform 
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infrared spectroscopy (FTIR) was used to confirm the successful immobilization of ILs 

into the porous materials. N2 adsorption experiment at 77 K was conducted to evaluate 

the specific surface area and pore volume distribution of the different composite sorbents, 

whereas X-ray diffraction (XRD) analysis was carried out to study the influence of ILs 

incorporation on the crystallinity and phase stability of the solid sorbents. The adsorption 

isotherms of CO2 and N2 on the pure ILs, the pristine solid supports, and the different 

composite sorbents selected was evaluated at different temperatures using an intelligent 

gravimetric analyzer (IGA). The incorporation of acetate-based ILs into ZIF-8 framework 

was found to substantially enhance the CO2/N2 selectivity and CO2 capacity up to 7 times 

higher at 0.2 bar and 303 K using ZIF-8 with 30 wt.% [bmim][Ac] loading as compared 

to the pristine ZIF-8, which was attributed to the chemisorption interaction between CO2 

and the carbonyl group on the acetate ILs. Remarkably, the impregnation of 5 wt.% 

[bmim][Ac] into HKUST-1 exhibited the highest CO2 uptake with double that of the 

pristine HKUST-1 at 303 K and 0.2 bar. On the other hand, the introduction of higher 

loadings of [bmim][Ac] and [pmim][Tf2N] into the pores of HKUST-1 did not show any 

enhancement in the CO2 capacity of the composite sorbents. Furthermore, no 

improvements in the CO2 uptakes could be achieved for the MIL-101 samples regardless 

of the synthesis protocol, whereas the MOF-177 incorporated with [emim][Ac], using 

wet impregnation method, has shown a remarkable enhancement in CO2 capacity in the 

low pressure region. Findings from this work provide insights into the synthesis, 

structure, and sorption capacity of these novel composite materials, which could be 

utilized for the design of sorbents with outstanding properties to meet the environmental 

challenges. 
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Chapter 1: Introduction & Thesis Overview 

1.1 Introduction 

This report is organized in an integrated article format in which each chapter represents a 

separate manuscript either published as a book chapter or a scientific journal or submitted 

for publication. In this chapter the outline and organization of this report is detailed to give 

the reader a guidance throughout this thesis. Moreover, the overall research objectives and 

the general overview of the contents of each chapter are also stated to highlight and 

summarize the contents of each chapter.  

In Chapter 2, a detailed introduction and literature review is presented which highlights the 

current status of greenhouse gases emissions, and the different technologies used to combat 

climate change with a special focus on the importance of solid sorbents and the different 

functionalization approaches to improve their CO2 separation performance. The CO2 

capture performance of various solid sorbents including carbon-based materials, zeolites, 

mesoporous silica, and MOFs is summarized and an updated overview of the recent 

developments in the CO2 adsorption on these solid materials is reported. A great emphasis 

was put on previous studies on MOFs composites with other sorbents, and the 

advancements in the field of ILs supported MOFs for gas separation applications. Chapter 

2 is published as a book chapter by IntechOpen publishing group in a book titled 

“Greenhouse Gases” edited by Moya and Pous. Another chapter with an updated literature 

review has been published as a book chapter, however to avoid repetition it has not been 

included in this thesis report. The reader can refer to our book chapter (ISBN: 978-3-527-

34313-3) edited by Garcia and Navalón and published in 2018 by Wiley (USA).  
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Chapter 3 presents the experimental investigation of the incorporation of acetate based ILs 

into ZIF-8. The detailed synthesis and characterizations of the as-synthesized samples are 

presented along with their performance in gas separation applications. Chapter 3 is 

published as a journal article in the Chemical Engineering Journal (V.334, 2018, Pages 

817-828). 

In Chapter 4, the immobilization of [pmim][Tf2N] and [bmim][Ac] into HKUST-1 was 

investigated using different IL loadings. The composite sorbents were thoroughly 

characterized using various techniques and their CO2 sorption capacities were evaluated 

gravimetrically. This chapter will be soon submitted as a journal article. 

Chapter 5 reports the impacts of the synthesis strategy, and IL loading on the preparation 

of ILs-confined MIL-101 and MOF-177 composites. These voluminous MOFs have shown 

great potential for gas separation applications, hence their functionalization with ILs has 

the potential to further improve their adsorption characteristics. Moreover, the results of 

demonstrate the importance of the synthesis method and IL loading in the preparation of 

composite sorbents for CO2 capture applications. This chapter is being submitted to the 

journal of “Industrial and Engineering Chemistry Research” to be published as a scientific 

article. 

Chapter 6 is dedicated to the immobilization of ILs into two mesoporous silica supports 

(MCM-41 and SBA-15) for CO2 capture applications. The role of the nature of the IL used 

are analysed in this work and their effects on the CO2 sorption isotherms and kinetics are 

investigated. Chapter 6 was submitted to the journal of “Microporous and Mesoporous 

Materials” and is currently under review. 
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Chapter 7 presents the experimental investigation of using ZIF-8 and HKUST-1 as 

promotors to improve the CO2 solubility in aqueous monoethanolamine (MEA) solutions. 

The CO2 solubility using the slurry system prepared at different solid loadings was 

investigated using a low-pressure solubility cell. This chapter is being submitted for 

publication in “Chemical and Engineering Data” as a full journal paper. 

Finally, Chapter 8 presents a summary of the work performed in this dissertation and 

provides recommendations for future advancements in the field of supported ILs in CO2 

separation applications. 

1.2 Research Contributions 

In this study we aim at addressing the issue of material development for CO2 capture 

applications from flue gas. To achieve the overall objectives of this study the following 

items are listed as research contribution in this field. 

1.2.1 Screening of different candidate materials 

A thorough search of literature is performed to select a set of solid sorbents and ionic 

liquids as candidates for the preparation of supported ionic liquid composites. Several 

criterions were set for the selection process including the thermal and chemical stability of 

the solid supports as well as the ionic liquid used. The porosity and CO2 capture ability of 

the materials were also considered as main factors for the selection of excellent candidates 

for sorbent development in CO2 capture applications. 
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1.2.2 Studying the impacts of the synthesis method 

For the preparation of the SILs, different synthesis strategies were evaluated, and two 

synthesis methods were used namely the wet impregnation synthesis and the dry 

impregnation synthesis methods. The impact of the synthesis method on the 

physicochemical properties and sorption performance of the SILs was evaluated using 

various characterization techniques. 

1.2.3 Studying the effect of the IL loading 

One of the most important parameters for the preparation of SILs is the estimation of the 

optimum IL loading for different combinations of ILs and solid support materials. The 

physical and chemical properties as well as the CO2 capture characteristics of the SILs are 

significantly dependent on the IL loading in the composite sorbents. For each IL@Solid 

material used, a different range of IL loadings was used and the optimum IL concentration 

was obtained for each composite sorbent. 

1.2.4 The impact of the porous structure of the support material 

The set of solid support materials used in this study belongs to two families of materials 

the mesoporous silica family (MCM-41 and SBA-15) and MOFs (ZIF-8, HKUST-1, MIL-

101, and MOF-177). This allowed for the investigation of the influence of the porous 

structure of the support material on the performance of the sorbent materials for instance 

the use of 1D pores (MCM-41 and SBA-15) versus 3D pores (ZIF-8). 
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1.2.5 The impacts of open metal sites 

Solid sorbents based on MOFs were used which have open metal sites such as Cu+2 in 

HKUST-1 and Cr+3 in MIL-101 and the influence of the interionic interactions between the 

ILs and the open metal centres was evaluated at different IL loadings. The effects of the 

competitive adsorption of CO2 and the anion on the open metal sites was studied and its 

impacts on the CO2 capture performance was evaluated. 

1.2.6 Adsorption kinetics 

One of the major performance criterions for sorbent materials is the CO2 adsorption 

kinetics hence the kinetics of CO2 adsorption on the different SILs prepared in this study 

was evaluated at different temperatures. Different models were used to correlate the 

experimental kinetic data on various SILs and the diffusion of CO2 into SILs was measure 

using these kinetic models. 

1.2.7 Heat of adsorption 

The enthalpy of adsorption of CO2 into the prepared SILs was estimated to gain insights 

into the extent of interactions between CO2 and the sorbent materials at different IL 

loadings. The effect of IL concentration in the composite sorbents on the enthalpy of 

adsorption is also evaluated and the different isotherms were modelled. 

1.2.8 Studying the adsorption-regeneration performance 

The nature of the adsorption process is batch process in which adsorption and desorption 

processes take place inside the adsorber at different conditions, therefore studying the 

performance of the developed sorbents under multi-cyclic adsorption-desorption 
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conditions was investigated to gain insights into the stability of these sorbents in terms of 

their initial CO2 uptakes and kinetics. 

1.2.9 Adsorption selectivity 

The relative adsorption of CO2 over N2 on the developed SILs was studied using selectivity 

experiments. N2 adsorption isotherms at different temperatures were measured to gain 

insights into the N2 sorption characteristic of the developed sorbents. 

1.2.10 CO2 solubility in slurry solutions 

The application of a slurry system based on the dispersion of MOFs into aqueous amine 

solutions was studied for the first time. The influence of the solid loading in the aqueous 

media on the density and CO2 solubility in the slurry solution were evaluated using a low- 

pressure solubility experiment. 
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Abstract 

In this report, the adsorption of CO2 on metal organic frameworks (MOFs) is 

comprehensively reviewed. In Section 1, the problems caused by greenhouse gas emission 

are addressed, and then different technologies used in CO2 capture are briefly introduced. 

The aim of this chapter is to provide a comprehensive overview of CO2 adsorption on solid 

materials with special focus on the emerging class of materials called metal organic 

frameworks owing to their unique characteristics comprising extraordinary surface areas, 

high porosity, and the readiness for systematic tailoring of their porous structure. Recent 

literature on CO2 capture using MOFs is reviewed, and the assessment of CO2 uptake, 

selectivity, and heat of adsorption of different MOFs is summarized, particularly the 

performance at low pressures which is relevant to post-combustion capture applications. 

Different strategies employed to improve the performance of MOFs are summarized along 

with major challenges facing the application of MOFs in CO2 capture. The last part of this 

chapter is dedicated to current trends and issues, and new technologies needed to be 

addressed before MOFs can be used in commercial scales.  

mailto:amr.henni@uregina.ca
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1.3 Introduction 

1.3.1 Environmental Problem and CO2 Emissions 

The increasing level of CO2 emission is considered one of the major environmental 

challenges that our world is facing today. The concentration of greenhouse gases in the 

atmosphere reached a new record in 2013, with CO2 at 396 ppm which represents 142% of 

the concentration of the pre-industrial era [1]. Findings of a recent global atmosphere watch 

reported in a greenhouse gas bulletin [1] revealed that CO2 concentration has increased 

between 2012 and 2013, more than any other year since 1984, which was attributed to the 

reduced uptake by the earth’s biosphere. This alarming level of CO2 shows the urgency for 

taking immediate actions to prevent the serious repercussions of climate change. On 

December 2015, at the Paris Climate Conference (COP21), 195 countries adopted a 

historical and the first legally binding global climate agreement to keep the increase in 

global average temperature to well below 2oC above pre-industrial levels (Retrieved from 

http://ec.europa.eu/ clima/policies /international/ negotiations/ future/index_en.htm). The 

discovery of new fossil fuel reserves, combined with the rising energy demand, has led to 

an increase in the number and capacities of power plants worldwide. This is a situation that 

is expected to extend into the future due to various factors such as industrial development 

and economic growth, especially in developing nations, which in turn is expected to further 

contribute to the increasing levels in the years to come. According to a recent report by the 

Energy Information Administration, the energy consumption is projected to rise by 56% 

between 2010 and 2040. Fossil fuels continue to supply about 80% of the world energy 

through 2040. The industrial energy consumption represents the greatest share and is 

projected to consume more than 50% of the energy delivered in 2040. According to the 
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current implemented regulations regarding fossil fuels, CO2 emissions from power plants 

is projected to increase by 46% since 2010 [2]. 

Among the several approaches that could be used to overcome the greenhouse gas effect is 

the utilization of clean energy alternatives which could be an ultimate solution to the 

climate change problem by reducing CO2 emissions. However, these green technologies 

still require significant modification to the current energy framework. The great challenges 

facing these green technologies lie in the difficulty for implementation at industrial scale, 

which makes it economically infeasible as compared to fossil fuel-based power plants. This 

implies that unless green energy alternatives and energy infrastructure for the 

commercialization and the implementation of these new technologies are attained, the 

pursuit of new CO2 emission reduction technologies will continue to be the most practical 

method to address the greenhouse gas effect until the advancement in clean energy 

technologies reaches commercial stages. 

 There are three different strategies to reduce the emissions of CO2 from fossil fuel-based 

power plants. These include post-combustion capture in which CO2 is separated from the 

combustion flue gas stream that is mainly composed of nitrogen and some other minor 

components such as water vapor and oxygen. The separation process in this scheme is a 

downstream unit which is considered a positive aspect in terms of the easy retrofitting of 

post-combustion capture unit to an existing power plant. However, the limitations of this 

technique include the low CO2 partial pressure, relatively high flue gas temperature and 

the large quantities of CO2 in the flue gas stream [3, 4]. In the pre-combustion capture 

scenario, the fossil fuel is treated under certain temperature and pressure to gasify the fuel 

and produce hydrogen. This method offers streams with high CO2 partial pressure and thus 
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easy separation by utilizing variety of solvents; however, it requires significant 

modifications to the power generation plant. The last scenario is called the oxy-fuel capture 

in which the fuel is burned under pure oxygen environment after the separation of 

oxygen/nitrogen in the air stream. This produces pure CO2 and water vapor which can be 

easily recovered through a simple condensation unit. We observe that each separation 

scenario requires a different capture technology, and therefore the properties, 

characteristics, and operation of the separation process are also entirely different among 

the three strategies. In this chapter, we will focus on the post-combustion separation 

applications. 

1.3.2 Existing Technologies for CO2 Capture 

In order to locate the metal organic frameworks (MOFs) on the map of the technologies 

used for CO2 capture applications, we will briefly describe the major technologies that have 

been employed and discuss their advantages and limitations. Figure 0.1 shows the different 

technologies used for CO2 capture, whereas MOFs are used under the category of 

membranes and adsorbents. 

The most widely investigated technology for CO2 capture from flue gas is absorption using 

aqueous amine solutions such as monoethanolamine (MEA), diethanolamine (DEA), and 

methyldiethanolamine (MDEA) as well as blends of different amines [5–7]. Amine 

scrubbers are considered a well-developed technology and is available in commercial scale 

for post-combustion capture applications [8]. The major limitations of this technology 

include the high energy required for solvent regeneration, the stability of the amine system 

at the regeneration conditions, and the negative influence of impurities present in the flue 

gas that might significantly affect the stability and performance of the solvent [9, 10]. 
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Under the category of absorption technology and in order to overcome the limitations of 

amine-based technologies, aqueous ammonia as solvents for CO2 separation has also been 

widely used to benefit from the low heat of absorption of ammonia-based solvents as 

compared to amine systems. Besides, the ammonia can also absorb other impurities 

existing in the gas stream such as NOx and SO2. The major drawback of ammonia-based 

solvents lies in the need to cool the flue gas prior to introducing to the absorption column 

to prevent ammonia losses to the gas stream. This adds a huge energy requirement 

considering the large volume of flue gas stream that typically needs to be treated [11]. 

Great effort has been made to find new and efficient materials for absorptive CO2 

separation. Ionic liquids (ILs), which are liquid salts composed of cations and anions, have 

been proposed as a promising solvent to replace the existing amine-based solvents. ILs 

possess several remarkable properties that make their application in CO2 separation one of 

the hottest research topics in the last few years [12–14]. These properties include low 

volatility, high CO2 solubility, thermal stability, and the possibility to systematically tune 

the structure toward certain properties [15–17]. Several review papers reporting 

experimental data related to CO2 solubility, selectivity, effect of ILs structure on 

performance, and the stability of ILs [12, 18] are available. Recent developments on the 

application of the amine-modified ILs known as task-specific ILs (TSILs) are also widely 

discussed in literature [19, 20], including both physical and chemical interactions with CO2. 

Unfortunately, both ILs and TSILs suffer from the common problem of high viscosity after 

CO2 absorption. Even though some recent reports mentioned the availability of ILs with 

low viscosities, it is still evident that much work has to be done to overcome this limitation. 

Finding cheap routes for the synthesis of these materials is one of the greatest challenges 
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facing researchers working in this area [21]. In this chapter, a great portion will be 

dedicated to the incorporation of ILs into the pores of MOFs to improve their CO2 capture 

capabilities. 

 

Figure 0.1 Different technologies used for CO2 capture [22]. 

1.4 CO2 Capture Using Solid Sorbents 

1.4.1 Criteria for the Evaluation of Solid Sorbents 

In order to evaluate solid materials for their performance in CO2 separation from flue gases, 

some important performance criteria must be met. These include: 

 Adsorption capacity: adsorption capacity is one of the key criteria to evaluate solid 

sorbents performance. It provides information on the amount of CO2 that could be 

adsorbed by a given solid material. It can be represented in terms of gravimetric 

uptake which is the amount of CO2 adsorbed per unit mass sorbent (gram CO2/gram 

sorbent, or cm3 CO2/gram sorbent). The volumetric uptake is another measure for 

capacity, and it reports the CO2 uptake per volume of sorbent material (gram 
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CO2/cm3 sorbent, or cm3 CO2/cm3 sorbent). This criterion is of great importance 

because it measures the amount of sorbent needed for a particular duty and therefore 

the size of the adsorption bed. It is also considered a crucial factor in determining 

the energy requirement during the regeneration step.  

 Selectivity for CO2: it represents the CO2 uptake ratio to the adsorption of any 

other gas (typically nitrogen for post-combustion capture, and methane for natural 

gas). It is an essential evaluation criterion, and it affects the purity of the adsorbed 

gas, which will significantly influence the sequestration of CO2. The simplest 

method to estimate the selectivity factor is to use single-component adsorption 

isotherms of CO2 and nitrogen. 

 Enthalpy of adsorption: it represents another critical parameter in the evaluation 

of the performance of solid sorbents. It is a measure of the energy required to 

regenerate the solid sorbent, and therefore it significantly influences the cost of the 

regeneration process. It represents the affinity of the material toward CO2 and 

measures the strength of the adsorbate–adsorbent interaction. 

 Physical, thermal, and chemical stability: in order to reduce operating costs, solid 

sorbents must demonstrate stability under flue gas conditions, adsorption operation 

conditions, and during the multi-cycle adsorption–regeneration process. In 

particular, stability in the presence of water vapor is essential for the sustainable 

performance of the solid sorbent. In addition to thermal properties of the solid 

sorbent, heat capacity and thermal conductivity are also important in heat transfer 

operations. 
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 Adsorption/desorption kinetics: the time of the adsorption–regeneration cycle 

greatly depends on the kinetics of the CO2 adsorption–desorption profile, which is 

measured in breakthrough experiments. Sorbents that adsorb and desorb CO2 in a 

shorter time are preferred as these reduce the cycle time as well as the amount of 

sorbent required, and ultimately the cost of CO2 separation.  

 Cost of the sorbent material: it is an important factor in the selection of the 

sorbent material. Materials that exhibit excellent adsorption attributes, and are 

readily available at low cost, are considered the main targets for researchers 

working in the field of CO2 capture. Besides, the environmental impact of 

synthesizing these materials is considered one of the greatest challenges to 

overcome.  

 In the following sections, we describe the main solid sorbents used for CO2 capture, their 

applications, major attributes, and limitations. 

1.4.2 Zeolites 

Zeolites are porous crystalline aluminosilicate materials available naturally and can be 

prepared synthetically. The zeolite framework is composed of tetrahedral T atoms where 

T could be Si or Al, connected by oxygen atoms to form rings of different pore structures 

and sizes. The pore size of the zeolite framework varies between 5 and 12 Å [23]. They are 

widely used as catalysts in the refining industry [24, 25], fine chemicals synthesis [26, 27], 

and in gas separation applications [28, 29]. Zeolites are considered promising candidates 

in CO2 capture application as has been widely reported in literature [30–32]. CO2 can be 

adsorbed on zeolites through different mechanisms, such as molecular sieving effect based 

on the difference in size [33, 34]. Separation can also take place based on polarization 
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interactions between the gas molecule and the electric field on the charged cations in the 

zeolite framework [33]. Accordingly, CO2 removal with zeolites can be controlled by 

changing the pore size, polarity, and the nature of the extra framework cation. Among the 

different zeolites investigated for CO2 capture applications, zeolite 13X is the most widely 

studied sorbent and is considered the benchmark technology for solid sorbents [35, 36]. 

Research on the use of zeolites as sorbents for CO2 capture can be categorized into different 

areas depending on the approach and the techniques adopted to address the improvement 

in capture performance. These categories comprise tuning the pore size, designing zeolites 

with controlled polarities, investigating novel zeolites, optimizing the cation exchange, and 

most recently incorporating amine moieties into the zeolite frameworks. Ocean et al. [37] 

have studied the selectivity to adsorb CO2 by controlling the pore size of an NaKA zeolite 

through the synthesis of nanosized NaKA zeolites. Overall, the adsorption kinetics on the 

nanosized crystals was fast enough for CO2 capture applications; however, the formation 

of a thin layer on the nanosized NaKA zeolites, due to intergrowth on the surface, did not 

considerably improve the adsorption kinetics. In contrast, Goj et al. [38] have performed 

atomistic simulations for silicalite, ITQ-3, and ITQ-7 and reported a positive effect on CO2 

uptake and selectivity by tuning the pore apertures. Sravanthi et al. [39] have provided a 

novel approach to control the pore size and volume by utilizing pore expansion agents and 

obtained average pore size around 30 nm. The application of the pore-expanded MCM-41 

in CO2 separation resulted in the uptake of about 1.2 mmol/g. 

Several studies have been conducted to control zeolite affinity toward CO2, which can be 

realized by tuning the polarity of the zeolite through alteration of the Si/Al ratio and the 

nature of the cation. Remy et al. [33] have studied the selective separation of CO2 on low-
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silica KFI zeolite (Si/Al = 1.67) by employing ion exchange with Na, Li, and K. Li-

exchanged KFI has shown the highest CO2 uptake which was attributed to the large pore 

volume as compared to Na and K cations. In comparison with high-silica KFI sample (Si/Al 

= 3.57–3.67), Li–KFI had the highest capacity at low pressure due to the strong electrostatic 

field. The overlap between pore size and polarity effects is also strongly observed for 

amine-supported zeolites, which have gained considerable attention in the last few years 

[40–45]. For instance, Ahmad et al. [46] have impregnated melamine into β-zeolite and 

obtained dynamic CO2 uptake of 3.7 mmol/g at atmospheric pressure and temperature of 

25 °C. The major challenge facing amine-modified zeolites is the tradeoff between the 

increased affinity toward CO2 (strong interaction with the sorbent) and the reduction in the 

pore volume, and consequently the uptake, especially, at low pressures. Factors such as 

amines loading, distribution, and the nature of the cation can play a vital role to avoid the 

blockage of the porous structures with the bulky amine moieties [42, 47]. Kim et al. [48] 

have performed a rigorous investigation through the simulation of thousands of zeolites to 

evaluate the adsorption properties of these materials and identify the optimum structures 

for improved CO2 separation attributes. This study provides a systematic approach to rank 

and select appropriate zeolites for the required capture objectives. However, important 

factors such as the stability under humid environment, adsorbent and process cost, and the 

availability of zeolite structures were not taken into consideration. 

 The hydrophilic nature of most zeolite structures is considered a major drawback of 

zeolites especially for post-combustion CO2 applications [49, 50]. Water competes with 

CO2 on the available sorption sites and might influence the zeolite structure and framework 

[51]. As explained earlier, the presence of the exposed cation sites increases CO2 uptake. 
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In a recent study by Serena et al. [52] the relationship between the water content of the 

zeolite and the density of the cations was investigated, and a linear relationship was found 

to describe the decrease of the cation population with increasing water content. This 

observation highlights the detrimental effect of the presence of water vapor on the 

adsorption of CO2 on zeolites. 

1.4.3 Carbon-Based CO2 Capture 

Carbon-based adsorbents have been used for CO2 separation in different forms including 

activated carbons (ACs), carbon nanotubes (CNTs), and graphenes. Activated carbons 

have an amorphous porous structure with high surface areas that are readily available for 

CO2 uptake. They have been widely investigated as sorbents for CO2 removal due to their 

low cost and the availability of raw materials [53–55]. However, there are no active sites 

to bond with the adsorbed CO2 as cations in zeolite sorbents. This weak interaction results 

in lower enthalpy and therefore lower energy requirement for regeneration. On the 

contrary, ACs have very low CO2 uptake at low pressures due to the absence of the electric 

field on the surface. Kacem et al. [56] performed a comparison between the performance 

of ACs and zeolite for CO2/N2 and CO2/CH4 separation based on their capacity, 

regeneration capacity, and reusability. It was concluded that at higher pressures (above 4 

bars), the CO2 uptake for ACs was much higher than zeolites. Also, the recovered CO2 

after the regeneration of ACs had higher purity than the case of zeolites. When compared 

to zeolites, ACs maintain their adsorption stability even in the presence of water vapor 

which does not cause any framework failures [57]. 
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In order to enhance the adsorption capacity on ACs, several studies have been conducted 

in order to improve the affinity toward CO2 by introducing amine-based functional groups 

[58–61]. In a recent study, Maria et al. [62] described a systematic surface modification of 

microporous ACs through a stepwise chemical treatment. They were successful in grafting 

amine and amide functional groups on the surface of ACs with only 20% loss of surface 

area. Gibson et al. [63] studied the polyamine-impregnated porous carbons and achieved 

12 times higher CO2 capacity than bare porous carbon. Chitosan and triethylenetetramine 

have been successfully impregnated into the surface of ACs and have shown 60 and 90% 

increased CO2 uptake at 298 K and 40 bars. In addition to amine functional groups, 

ammonia-modified ACs, at atmospheric pressure and a temperature range from 303 to 333 

K, have been studied [64], where they obtained an enthalpy of 70.5 kJ/mol as compared to 

25.5 kJ/mol for the pristine ACs, suggesting the possibility of chemisorption. Another 

report has also supported the improved adsorption capacity and selectivity by employing 

NH3 at high temperature and has considerably improved CO2 uptake from 2.9 mmol/g for 

the bare AC to 3.22 mmol/g for the modified one at 303 K and 1 bar. 

Several studies have been dedicated to the application of amine-modified carbon nano 

tubes (CNTs) as solid sorbents for CO2 separation [65–69]. Industrial grade CNTs have 

been functionalized with tetraethylenepentamine (TEPA) by Liu et al. [65], and the effects 

of amine loadings on the CO2 uptake, heat of adsorption, and adsorbent regenerability were 

investigated. TEPA-impregnated CNTs have shown an enhanced capacity of 3.09 mmol/g 

at 343 K. Similar studies were also reported using different amines such as (3-

aminopropyl)triethoxysilane (APTES) solution [70], polyethyleneimine (PEI)  [67], and 

other amines (primary, secondary, tertiary, diamines, and tri-amines) [71]. 
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Graphene is a planar sheet of carbon atoms extended in two dimensions, discovered in 

2004 [72]. Graphite-based capture was recently introduced (after 2011) as a promising 

candidate for CO2 capture applications, and research is growing rapidly in this area [73–

77]. A recent review by Najafabadi is available on the current status and research trends of 

using graphene and its derivatives as solid sorbents for CO2 capture [78]. The research in 

this area involves grafting various functional groups on graphene such as N-doped 

graphene composites (surface area = 1336 m2/g) reported by Kemp et al. [79] which 

showed a reversible CO2 capacity of 2.7 mmol/g at 298 K and 1 atm as well as enhanced 

stability for the repeated adsorption cycles. Borane-modified graphene was also reported 

by Oh et al. [80], a CO2 uptake of 1.82 mmol/g at 298 K and 1 atm. Some novel hybrid 

materials have also been introduced to obtain better improvements in the adsorption 

properties, including mesoporous graphene oxide (GO)-ZnO nanocomposite [81], 

mesoporous TiO2/graphene oxide nanocomposites [82], Mg–Al layered double hydroxide 

(LDH), graphene oxide [83], MOF-5 and aminated graphite oxide (AGO) [84], UiO-

66/graphene oxide composites [85], and MIL-53(Al) and its hybrid composite with the 

graphene nanoplates (GNP) [86].  

1.4.4 Metal Organic Frameworks 

A more recent class of porous materials was manufactured and named metal organic 

frameworks. They represent one of the promising adsorbents and have gained significant 

attention during recent years for gas separation applications [87, 88]. MOFs are composed 

of metal ions or clusters (nodes) bridged by organic ligands (connecters) to form various 

structures and networks. MOFs are well recognized for their extraordinary surface areas, 

ultrahigh porosity, and most importantly the flexibility to tune the porous structure as well 
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as the surface functionality due to the presence of organic ligands that can easily be 

chemically modified [89, 90]. One main advantage of MOFs over other solid materials is 

the possibility to tailor the pore size and functionality by rational selection of the organic 

ligand, functional group, metal ion, and the activation method. 

Several review papers are available in literature for gas separation using MOFs [91–96]; 

however, great progress has been achieved during the past four years (2012 onward). In 

order to address the limitations of MOFs and investigate new structures, novel functional 

groups, hybrid systems and technologies, more studies are needed to explore the 

mechanisms involved and to improve the uptake capacity in a humid environment. For 

these reasons, considerable effort has been observed during the past decade to address gas 

separation and adsorption using MOFs. Figure 0.2 shows the number of publications on 

CO2 capture and separation using MOFs during the past 15 years, which reflects the 

growing interest of MOFs as efficient solid sorbents. 
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Figure 0.2 Number of publications on CO2 capture using MOFs (based on web of science database) 

1.4.5 Adsorption of CO2 on Metal Organic Frameworks 

CO2 capture performance of different MOFs will be comprehensively reviewed in terms of 

their capacity, selectivity, heat of reaction, and major challenges facing researchers, and 

some ideas to approach these challenges will also be provided. The next section is 

dedicated to review the most recent studies of CO2 capture and separation on MOFs, and 

we will mainly target the works published in the last four years. 
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1.1.1.1 Evaluation of MOFs in CO2 Capture 

As introduced earlier, capacity, selectivity, and heat of adsorption are considered the main 

criteria for the evaluation of MOFs for CO2 separation. CO2 uptake is a proportional 

function of pressure in the gas phase, where the low pressure corresponds to post-

combustion applications. The gravimetric uptake of CO2 is indicative of the ability of 

MOFs to adsorb CO2 and, therefore, we have reported CO2 uptake along with MOF surface 

area, and other properties for MOFs published after 2012 which could be added to the 

published reviews that have listed these data in a table format. Table 0.1 represents the 

properties of MOFs at high-pressure applications, while Table 0.2 presents the low-

pressure data. 

Table 0.1 Adsorption capacities at high pressure 

 Surface Area (m2/g)       

Common name BET Langmuir Capacity 

(wt%) 

Pressure 

(bar) 

Temp. 

(K) 

Selectivity Qst 

(kJ/mol) 

Ref. 

UiO(bpdc) 2646 2965 72.5 20 303   [97] 

ZJU-32 3831  49 40 300   [98] 

UPG-1 410 514 11.9 9.8 298 24 24 [99] 

Cu3(H2L
2)(bipy)2.11H2O   6.4 8.5 298   [100] 

Cu3(H2L
2)(etbipy)2.24H2O   4.7 9.6 298   [100] 

NU-111 4932  61.8 30 298  23 [101] 

HTS-MIL-101 3482  52.8 40 298   [102] 

DGC-MIL-101 4198  59.8 40 298   [102] 

UTSA-62a 2190  43.7 55 298  16 [103] 

ZIF-7 312 355 20.9 10 298  33 [104] 

{Ag3[Ag5(l3-3,5-

Ph2tz)6](NO3)2}n 

  12.3 10 298 10.5 19.1 [105] 

{Ag3[Ag5(l3-3,5-

tBu2tz)6](BF4)2}n 

  5.4 10 298 14 15 [105] 

Basolite® C 300 1706.42  41.9 224.99 318  18 [106] 
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Basolite® F300 1716.46  24.1 224.99 318  19 [106] 

Basolite® A100 1524.8  26.9 224.99 318  9 [106] 

IRMOF-8 1599 1801 7.8 1 298  21.1 [107] 

IRMOF-8-NO2 832 926 3.8 1 298  35.4 [107] 

MIL-101(Cr) 2549  24.2 30 303   [108] 

HKUST-1 1326  26.3 30 303   [108] 

DMOF 1980  38.1 20 298 12a 20 [109] 

DMOF-DM1/2 1500  27.5 20 298   [109] 

DMOF-Br 1320  24.3 20 298   [109] 

DMOF-NO2 1310  32 20 298   [109] 

DMOF-TM1/2 1210  23.9 20 298   [109] 

DMOF-TF 1210  16.2 20 298 9a 18 [109] 

DMOF-Cl2 1180  26.4 20 298 17 21 [109] 

DMOF-OH 1130  24.8 20 298   [109] 

DMOF-DM 1120  25.4 20 298 23a 23 [109] 

DMOF-TM 1050  23.6 20 298 28a 29 [109] 

DMOF-A 760  17.1 20 298   [109] 

a IAST selectivity 

 

Table 0.2 Adsorption capacities at low pressure 

 Surface Area (m2/g)       

Common name BET Langmui

r 

Capacit

y (wt%) 

Pressur

e 

(bar) 

Temp

(K) 

Selectivit

y 

Qst 

(kJ/mol

) 

Ref. 

rht-MOF-pyr 2100  12.7 1 298  28 [110

] 

rht-MOF-1 2100  11 1 298  29 [110

] 

JLU-Liu22 1487  15.6 1 298  30 [111

] 

SIFSIX-3-Zn   8.9 1 298   [112

] 

SIFSIX-3-Cu   9.6 1 298   [112

] 

SIFSIX-3-Co 223  10 1 298  47 [112

] 

SIFSIX-3-Ni 368  10.3 1 298  51 [112

] 

{[H2N(CH3)2]4[Zn9O2(BTC)6(H2O)3].3DM

A}cn 

844 1132 10.9 0.91 298  29 [113

] 

{[NH2(CH3)2][Cd(BTC)].DMA}n 406 539 6.4 0.91 298 30 34.7 [113

] 
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Ni-DOBDC 798  18.2 1 298   [114

] 

Py-Ni-DOBDC 409  12 1 298   [114

] 

UiO(bpdc) 2646 2965 8 1 303   [97] 

ZJU-32 3831   4.8 1 300   [98] 

Cu-TDPAH 1762  18.4 1 298 200a 33.8 [115

] 

Zn/Ni-ZIF-8-1000  750 9.9 1 298 30a 61.2 [116

] 

ZIF-8-1000   9.6 1 298 23.5a 49.7 [116

] 

Zn(5-mtz)(2-eim).(guest) [ZTIF-1] 1430 1981 8.2 1 295 81 22.5 [117

] 

Zn(5-mtz)(2-pim).(guest) [ZTIF-2] 1287 1461 3.8 1 295  20 [117

] 

UTSA-49 710.5 1046.6 13.6 1 298 95.8  [118

] 

ZJNU-40 2209  16.4 1.01 296  18.4 [119

] 

UPG-1 410 514 2.1 1 298 24 24 [99] 

InOF-8   6.9 1 295 45.2  [120

] 

Cu3(H2L
1)(bipy)2.9H2O   2.5 1 195   [100

] 

Cu3(H2L
2)(bipy)2.11H2O   2.3 1 298   [100

] 

Cu3(H2L
2)(etbipy)2.24H2O   0.5 1 298   [100

] 

UiO-66(Zr100) 1390 1644 6.2 1 298  26 [121

] 

UiO-66(Ti32) 1418 1703 6.4 1 298  28 [121

] 

UiO-66(Ti44) 1749 2088 7.2 1 298  34 [121

] 

UiO-66(Ti56) 1844 2200 8.8 1 298  37 [121

] 

NU-111 4932  4.8 1 298  23 [101

] 

JLU-Liu1 145 221 5.9 1 298  47.7 [122

] 

HTS-MIL-101  3482  12.3 1 298   [102

] 

DGC-MIL-101  4164  14.5 1 298   [102

] 

UNLPF-1   13.9 1 273   [123

] 

UTSA-62a 2190  8.1 1 298  16 [103

] 

[Zn2(BME-bdc)x(DB-bdc)2_xdabco]n   21.7 0.91 195   [124

] 

Zn-DABCO 1870 1902 7.2 1 298  22.4 [125

] 

Ni-DABCO 2120 2219 8.1 1 298  25.8 [125

] 

Cu-DABCO 1616 1678 6.2 1 298  22.4 [125

] 

Co-DABCO 2022 2095 4.1 1 298  29.8 [125

] 
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ZnAcBPDC 920  11.7 0.9 293   [126

] 

ZnBuBPDC 850  7.6 0.89 293   [126

] 

Mg/DOBDC 1415.1 

 25 1 298  47 [127

] 

Co/DOBDC 1089.3 

 21.6 1 298  37 [127

] 

Ni/DOBDC 1017.5 

 20.5 1 298  42 [127

] 

MIL-100(Cr) 1528.7 

 9.5 1 298   [127

] 

ZIF-7 312 355 9.1 1 298   [104

] 

{Ag3[Ag5(l3-3,5-Ph2tz)6](NO3)2}n   1.6 1 298 10.5 19.1 [105

] 

{Ag3[Ag5(l3-3,5-tBu2tz)6](BF4)2}n   1.6 1 298 14 15 [105

] 

CuBTTri 1700  10.8 1 293   [128

] 

pip-CuBTTri 380  7.1 1 293 130a 96.5 [128

] 

Basolite® C 300 1706.4

2 

 9.4 0.95 318  18 [106

] 

Basolite® F300 1716.4

6 

 2.4 0.95 318  19 [106

] 

Basolite® A100 1524.8  4.4 0.95 318  9 [106

] 

IRMOF-8 1599 1801 51.2 30 298  21.1 [107

] 

IRMOF-8-NO2 832 926 31.3 30 298  35.4 [107

] 

CPM-5 2187  8.8 1 298 16.1 36.1  [129

] 

Ni-MOF-74 1252 1841 19.4 1 298   [130

] 

Mg-MOF-74 1416 2085 30.1 1 298   [130

] 

MIL-101(Cr) 2549  6.8 1 303   [108

] 

HKUST-1 1326  13.2 1 303   [108

] 

[Cu(tba)2]n   7.3 1 293 25a 36.0 [131

] 

IRMOF-74-III-CH3 2640  10 1 298   [132

] 

IRMOF-74-III -NH2 2720  10.4 1 298   [132

] 

IRMOF-74-III- CH2NHBoc 2170  7 1 298   [132

] 

IRMOF-74-III-CH2NMeBoc 2220  6.6 1 298   [132

] 

IRMOF-74-III-CH2NH2 2310  10.8 1 298   [132

] 

IRMOF-74-III-CH2NHMe 2250  9.6 1 298   [132

] 

DMOF 1980 

  1 298 12a  20 [109

] 
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DMOF-DM1/2 1500 

 8.1 1 298   [109

] 

DMOF-Br 1320 

 6.4 1 298   [109

] 

DMOF-NO2 1310 

 9.9 1 298   [109

] 

DMOF-TM1/2 1210 

 8.1 1 298   [109

] 

DMOF-TF 1210 

 3.3 1 298 9a 18 [109

] 

DMOF-Cl2 1180 

 8.8 1 298 17a 21 [109

] 

DMOF-OH 1130 

 9.6 1 298   [109

] 

DMOF-DM 1120 

  1 298 23a 23 [109

] 

DMOF-TM 1050 

 13.3 1 298 28a 29 [109

] 

DMOF-A 760 

 10.6 1 298   [109

] 

CPM-33a 966  1257 12.6 1 298  

22.5 

[133

] 

CPM-33b 808  1119  19.9 1 298  

25 

[133

] 

Ni3OH(NH2bdc)3tpt 

805  1115  14.8 1 298  

 21.5 

[133

] 

Ni3OH(1,4-ndc)3tpt 

222  310  4.6 1 298  

25.3 

[133

] 

Ni3OH(2,6-ndc)3tpt 

1002  1392  7.9 1 298  

24.7 

[133

] 

Ni3OH(bpdc)3tpt 

724  1009  5.5 1 298  

18.7 

[133

] 

ZIF-7-S 150  3.7 1 303   [134

] 

ZIF-7-D 25  9 1 303   [134

] 

ZIF-7-R 5  8.7 1 303  34 [134

] 

HKUST-1  2203 12.8 1 313   [135

] 

Fe-MIL-100  2990 6.6 1 313   [135

] 

Zn(pyrz)2(SiF6)   10.8 1 313   [135

] 

Mg2(dobpdc)  1940 23.8 1 313   [135

] 

Ni2(dobpdc)  1593 21.2 1 313   [135

] 

mmen-Mg2(dobpdc)   15.8 1 313   [135

] 

mmen-Ni2(dobpdc)   7.3 1 313   [135

] 

mmen-CuBTTri   11.3 1 313   [135

] 
a IAST selectivity 
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1.1.1.2 Strategies to Improve the CO2 Capture Performance on MOFs 

Several strategies have been adopted to improve the performance of MOFs in CO2 capture 

applications. The ability to precisely tune the MOF structures has led to versatile 

approaches that can be utilized to enhance CO2 uptake, selectivity, and the affinity toward 

CO2. These methods could be classified into effects of open metal sites, pre-synthetic 

modifications of the organic ligand, and post-synthetic functionalization schemes. 

1.1.1.3 Open Metal Sites 

Open metal sites in MOFs are formed by the removal of a solvent molecule coordinated to 

the metal nodes by applying vacuum and/or heat after the synthesis of framework in a 

process called “activation.” The presence of open metal sites on the MOF framework has 

a great impact on the selectivity toward CO2 as well as on the binding energy between the 

adsorbed CO2 molecules and the surface of MOF sorbents. These coordinately open metal 

centers act as binding sites where CO2 molecules can attach and bind to the pore surface 

by the induction of dipole–quadrupole interactions. Allison et al. [136] have developed a 

systematic procedure to precisely understand the interactions between the CO2 molecule 

and the force field generated by the open metal sites in MOF-74. The developed method 

allows for accurate estimation of adsorption isotherms using computational approach 

which enables the evaluation of different hypothetical open metal sites. These observations 

confirm previous findings of Kong et al. on understanding CO2 dynamics in MOFs with 

open metal centers [137]. Among the MOF family, HKUST-1, M-MIL-100, M-MIL-101, 

and M-MOF-74 are the most widely studied frameworks with open metal sites (M 

represents the metal site). However, to precisely investigate the influence of the open metal 

sites, we need to isolate the effects of the nature of organic ligands, the synthesis route, and 
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functional groups present in the framework. It was observed that utilizing light metal sites 

provides higher surface areas, and therefore improved CO2 uptake at low pressures for 

MOF-74 [138]. Several studies have reported the effects of metal centers using 

computational approach as reported for M-MOF-74 [138–140] where noble metals such as 

Rh, Pd, Os, Ir, and Pt are considered promising candidates for CO2 capture (see Figure 

0.3). 

 

Figure 0.3 Top: ΔE for CO2 adsorption (in kJ/mol) in M-MOF-74. Bottom: Magnitude of the adsorption energy 

of CO2 relative to H2O. A positive value in this plot means that CO2 binds more strongly than H2O. Adapted 

from [139]. 

Casey et al. [141] have studied the isostructural series of HKUST-1 for various metal 

centers (Mo, Ni, Zn, Fe, Cu, and Cr) to get insights into the adsorption mechanism and the 

force field created for different metal types. It was found that the presence of divalent 

metals such as Mg+2 significantly increased CO2 binding strength and resulted in higher 

selectivity toward CO2. In addition to the nature of the metal nodes, it was found that the 

activation method plays a vital role in determining CO2 uptake and affinity toward CO2 
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which was in agreement with Llewellyn et al. [142] for MIL-100 and MIL-101 where 

various activation methods resulted in different CO2 loadings and heat of adsorption. 

In a recent study, Carlos and coworkers [143] have investigated the interaction between 

CO2 and the unsaturated Cr(III), V(III), and Sc(III) metal sites in MIL-100 framework 

using variable temperature infrared spectroscopy. The enthalpy of adsorption for Cr(III), 

V(III), and Sc(III) were amounted to be −63, −54, and −48 kJ/mol, respectively, which are 

considered among the highest values for CO2 adsorption on MOFs with open metal centers 

to date. The synthesis and characterization of an M-DABCO series (M = Ni, Co, Cu, Zn) 

were described by Sumboon et al. [125] to systematically evaluate the effect of the metal 

identity on surface area, pore volume, and CO2 uptake. It was concluded that Ni-DABCO 

has shown the highest pore volume and specific surface area due to the high charge density 

present at the metal center. Comparison of the M-DABCO with activated carbons and MIL-

100(Cr) revealed that the unsaturated cations possess exceptional CO2 uptake of 180 cm3/g 

at 1 bar and 298 K [as compared to 30 cm3/g for ACs and 60 cm3/g for MIL-100(Cr)] [144]. 

1.1.1.4 Pre-synthetic Modifications of MOFs 

Organic ligands are the linkers that connect the metal nodes together and therefore 

determine the framework structure, pore volume, pore window, and surface area which are 

very crucial characteristics in CO2 separation process. Ligand functionalization is 

considered to be a powerful tool to improve the adsorption of CO2 on MOFs due to the 

wide range of functional groups and the ease to modify the organic ligand through strong 

covalent interactions. In a recent computational work by Antonio et al., the impacts of 

various functional groups attached to the ligand part were investigated by density 

functional theory (DFT) [145].  The incorporation of amine functional moieties to the 
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organic ligands has witnessed much attention in recent years, due to the proven positive 

effect of the presence of open nitrogen sites on the MOF frameworks [146]. Keceli et al. 

[147] studied four biphenyl ligands modified with amide groups of different chain lengths. 

Varying the length of the alkylamide group has shown a great impact on the porosity, 

surface area, and CO2 capacity. It was also evident that the activation procedure has great 

influence on the surface area of the resulting material which is attributed to the different 

mechanisms of solvent removal from the MOF framework. Three amino-functionalized 

MOFs have been prepared from 2-aminoterephthalate (ABDC) and three different metals 

(Mg, Co, and Sr). Despite a low surface area (63, 71, and 2.5 for Mg, Co, and Sr, 

respectively) and a relatively low CO2 uptake (1.4 mmol/g at 1 bar and 298 K), the prepared 

MOFs had exceptional selectivity toward CO2 (396 was recorded for Mg-ABDC) and 

exhibited high heat of adsorption [148]. Shimizu and coworkers [149] used 3-amino-1,2,4-

triazole ligands to design a 3D structure MOF with 782 m2/g surface area and 0.19 cm3/g 

pore volume that is capable to achieve CO2 uptake of 4.35 mmol/g at 1.2 bar and 273 K. 

Moreover, the as-synthesized MOF has shown enthalpy of adsorption of 40.8 kJ/mol at 

zero coverage which was comparable to the commercial zeolite NaX (48.2 kJ/mol). In a 

similar study, Xiong et al. [118] used triazole ligands to prepare a new framework called 

UTSA-49 by incorporating nitrogen atoms and methyl functional groups on 5-methyl-1H-

tetrazole ligands which recorded 13.6 wt% CO2 uptake at 1 bar and 298 K and 27 kJ/mol 

enthalpy (Figure 0.4). These observations were in agreement with work reported by Gao 

et al. for the influence of triazolate linkers [150]. It is essential to understand the synergistic 

effect between the multiple functional groups on the pore surface and their size exclusion 

effects which are considered potential approaches to optimize the performance of 
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functionalized MOFs. Table 0.3 summarizes CO2 capture properties of MOFs modified 

with different amino functional groups. 

 

Figure 0.4 (a) Adsorption (solid) and desorption (open) isotherms of carbon dioxide (red circles), methane (blue 

squares), and nitrogen (green triangles) on UTSA-49a at 298 K. (b) Mixture adsorption isotherms and 

adsorption selectivity predicted by IAST of UTSA-49a for CO2 and N2 (10 : 90, 15 : 85, and 20 : 80) at 298 K. 

(d) Mixture selectivity predicted by IAST of UTSA-49a for CO2 and N2 (10 : 90, 15 : 85, and 20 : 80) at 298 K. 

Adapted from [118]. 
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Table 0.3 CO2 uptake for MOFs modified with amine containing ligands 

MOF name Type of functional group CO2 

uptake 

(wt. %) 

Enthalpy of 

adsorption 

(kJ/mol) 

Pressure Temperature Surface 

area (m2/g) 

Ref. 

ZIF-10 IM 20.9 14.9 0.9 298 - [151] 

ZIF-68 (bIM)(nIM) 41.3 33.3 0.9 298 1220 [151] 

ZIF-69 (cbIM)(nIM) 38.1 25.9 0.9 298 1070 [151] 

ZIF-71 dcIM 18.0 19.4 0.9 298 - [151] 

Cu2(L)(H2O)2 Pyrazol 32 - 1 195 844.5 [152] 

[Zn2(L)] Pyrazol 37.4 - 1 195 1075.4 [152] 

[Cd2(L)] Pyrazol 24.6 - 1 195 571.7 [152] 

[Co2(L)(H2O)6] Pyrazol 31.6 - 1 195 734.6 [152] 

Zn4(bpta)2-1 Bipyridine pillar ligands 8.2 34.82 1.2 298 413 [153] 

Zn4(bpta)2-1 Bipyridine pillar ligands 3.1 27.69 1.2 298 51 [153] 

Cu2L (DMA)4 Acrylamide 22.2 35 1 296 1433 [154] 

Zn(ad)(ain) 2-Aminoisonicotinate 

and adeninate 

9.2 40 1 298 399 [155] 

bio-MOF-11 Adenine 22.2 33.1 1 273 1148 [156] 

bio-MOF-12 Adenine 16.2 38.4 1 273 - [156] 

bio-MOF-13 Adenine 10.4 40.5 1 273 - [156] 

bio-MOF-14 Adenine 8 - 1 273 17 [156] 

Cu(tba)2 Triazol 7.3 36 1 293 - [131] 

 

Apart from amine groups, there are other functional moieties that are proven to be effective 

in enhancing the performance of MOFs in CO2 capture. Phosphonate and sulfonate organic 

ligands have gained tremendous attention recently due to their significant improvements in 

MOF stability toward water [157]. Several studies are reported based on the use of 

phosphonate and sulfonate ligands, for instance, the selective CO2/N2 separation over 

nitrogen-containing phosphonate MOFs was studied by Marco et al. [100], and the 

synthesis, stability, porosity of the phosphonate MOFs [158], and their major application 
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were reported for water stability studies [159–161]. The shielding effect exhibited by 

phosphonate groups are responsible for the improved stability under humid conditions up 

to 90% relative humidity at 353 K as observed for CALF-30 [161]. The enhanced water 

stability of these MOFs was attributed to the kinetic blocking effect which makes the 

framework completely hydrophobic [159]. 

MOFs containing nitrogen-donor building blocks were also widely investigated, 

particularly adenine group which was extensively used due to framework robustness, 

richness in nitrogen sites, and framework diversity [162]. Song et al. [163] reported the 

preparation of three new adenine-based MOFs by controlling the adenine coordination 

with Cd metal sites. This study has provided insight into the controlled synthesis of MOFs 

by controlling the structure building units (SBU) which can be utilized to extend the idea 

to include multiple building units within the same framework. Similar studies are also 

available based on adenine groups as building units, where the effect of the adenine 

functionalization on framework topology, porosity, and adsorption behavior was 

investigated [164]. The use of Zn-adeninate SBU led to the discovery of highly porous Bio-

MOF-11 to 14 series [165] and Bio-MOF-100 [166] with exceptional surface area (4300 

m2/g) and very large pore volume (4.3cm3/g); however, the framework stability of these 

materials still needs to be addressed as the material tends to lose its porosity under harsh 

activation environment. This issue has been tackled by Zhang et al. [167] to prepare more 

stable adenine-based PCN-530 structure. Lin et al. have observed high density of open 

nitrogen-donor sites on 1,3,5-tris(2H-tetrazol-5-yl)benzene (H3BTT) which was 

responsible for the enhanced CO2 capacity [146] through the improvement of the 

framework porosity and the utilization of nitrogen sites readily available to adsorb CO2. 
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However, the richness of nitrogen atoms in the framework does not necessarily favor CO2 

adsorption, as reported by Gao et al. [110] for the case of tetrazolate-based rth-MOF that 

has more exposed nitrogen sites as compared to pyrazolate-based rht-MOF and yet was 

showing less CO2 uptake  attributed to the strong electric field observed on the pyrazolate-

based rht-MOF. 

Other ligand modifications are also reported in literature by deploying several types of 

functional groups such as hydroxyl groups (OH) on Zn(BDC) [168], (CH3)2, (OH), and 

(COOH) on MIL-53(Al) [145], NO2 on IRMOF-8 [107] as well as alkyl and nitro groups 

grafted on DUT-5 [169]. Based on the contribution by Yaghi’s group [170], several studies 

were dedicated to understand the effects of ligand extension on the pore size, surface area, 

and the sorption behavior of MOFs [98, 109, 133, 171–173]. Recently, zeolite-like MOFs 

denoted as ZTIFs have attracted great interest due to their unique characteristics for tuning 

the structure toward various applications [174, 175]. New frameworks (ZTIF-1 and ZTIF-

2) were recently reported based on the incorporation of tetrazolates into Zn-Imidazolate 

structures [176], with similar structures. UTSA-49 was also reported by Chen and 

coworkers for the selective separation of CO2/N2 mixture [117]. 

Lately, the idea of mixed ligand approach for the synthesis of MOFs with tunable properties 

has gained much attention which allows for incorporating several functionalities within 

each ligand to target certain properties such as improving the stability and the capacity for 

CO2 simultaneously [177]. For instance, the water stability issue was targeted by Marco 

and coworkers [178] by utilizing two heterocyclic N-donor-mixed phosphonate-based 

organic ligands. The designed MOF has shown great water stability and achieved CO2 

uptake of 77 cm3/g at low pressure and 195 K. By deploying the mixed-ligand approach, 
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Liu et al. [179] have successfully prepared Co-based MOFs containing both 

benzenetricarboxylic- and triazole-based ligands by using solvo-thermal synthesis 

technique. The synthesized MOFs displayed CO2 uptake up to 15.2 wt. % at 1 bar and 295 

K as well as remarkable selectivity toward nitrogen. A detailed investigation of mixed 

ligand approach in the design of MOFs is available in literature [180, 181]; however, 

further work is still needed to optimize synthesis conditions and correlate the observed 

performance to the appropriate constituents on the organic ligands. Recent work by Yaghi 

et al. provided tools to quantitatively map different functional groups incorporated into the 

same MOF structure [182]. 

1.1.1.5 Post-synthetic Functionalization of MOFs 

As mentioned previously, tuning the affinity of the framework functionalities toward CO2 

is crucial for improving adsorptive capacities. The aim is to decorate the pore surface in 

order to have high adsorption selectivity and capacity and yet minimize the regeneration 

energy. In addition to the pre-synthetic modification of the organic linker, post-synthetic 

functionalization of MOFs (PSM) is considered a viable route to insert functionalities into 

the MOF structure after the formation of the basic framework. This approach can overcome 

the limitations observed in pre-synthetic functionalization, for instance precise control of 

the synthesis conditions is needed to preserve the functional groups during the solvo-

thermal synthesis conditions. Note that some functional groups are not stable under 

synthesis conditions which require a narrow range of conditions to prepare the MOFs. 

Others, however, cannot be introduced to the synthesis mixture due to solubility issues, 

hindrance effects, and might participate in the crystallization process and yield unwanted 

materials. Besides, inserting functional groups on the metal sites prior to the synthesis of 
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the framework might intervene in the formation of the building units and can result in the 

deterioration of the crystal structure [183–185]. PSM is therefore considered an attractive 

pathway to tailor the properties of MOFs toward better CO2 capture performance. 

In order to make use of high amine affinity toward CO2, several amine moieties are 

deployed for the modification of various solid sorbents [186–189] including MOFs [190, 

191]. Ethylene diamine (en) is considered the most commonly used type of amine for PSM 

of MOFs for CO2 capture application. In 2014, Lee et al. [192] have reported grafting 

diamine into the expanded MOF-74 or Mg(dopbdc) structure at amine loadings of 16.7 wt. 

% at room temperature which exhibited very high CO2 uptake of 13.7 wt% at 0.15 bar 

higher than the 12.1 wt. % capacity reported by McDonald et al. for N,N'-

dimethylethylenediamine (mmen) grafted on Mg(dopbdc) [173]. The isosteric heat of 

adsorption was recorded to be 49 to 51 kJ/mol indicating chemisorption of CO2 molecules 

which was further confirmed by the formation of carbamic acid probed by the in situ 

Fourier transform infrared spectroscopy (FTIR) experiments. The en grafted Mg(dopbdc) 

was further evaluated for the multicycle adsorption, and it has only lost 3% of its CO2 

uptake after five cycles. Moreover, en-Mg(dopbdc) has also shown stable structure and 

capacity after exposure to different moisture contents, and therefore this material has a 

potential for large-scale CO2 capture (see Figure 0.5). NH2, CH2NH2, CH2NHMe along 

with other functional groups were recently grafted on IRMOF-74, and it was found that 

IRMOF-74-III-CH2NH2 displayed CO2 capacity of 3.2 mmol/g at 1 bar [132]. The sodalite-

type structure Cu-BTTri was also grafted by en functional group [193] which showed 

chemisorption interaction with the adsorbed CO2 molecule as can be observed from the 

high isosteric heat of adsorption (90 kJ/mol). However, the en-Cu-BTTri has only shown 
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improved capacity at low pressure while the unmodified MOF shows higher uptakes at 

high pressure which is attributed to the significant reduction in Brunauer–Emmett–Teller 

(BET) surface area from 1770 to 345 m2/g due to the pore blocking effect of the en group. 

In an attempt to address this issue, McDonald at al. have functionalized mmen group on 

Cu-BTTri and preserved a BET surface area of 870 m2/g with 96 kJ/mol isosteric heat of 

adsorption, nitrogen selectivity of 327, and CO2 uptake of 9.5 wt.% under 0.15 bar 

CO2/0.75 bar N2 mixture at 25 °C. The negative impact of alkylamine functional groups 

on reducing the surface area was evident, and one approach to overcome this issue is to 

introduce ligand extension prior to the introduction of the amine group so as to increase 

the MOF porosity and avoid the pore-blocking problem during PSMs [132]. Also, deep 

insight into the mechanism of CO2 adsorption on alkylamine-grafted MOFs is crucial to 

further understand the interactions for improved structural design and amine loadings 

[194]. Other amine functionalities such as piperazine are also grafted into Cu-BTTri [128] 

and have exhibited 2.5 times higher CO2 uptake as compared to the bare Cu-BTTri, while 

the heat of adsorption confirms the chemisorption interactions. The area reduction was also 

evident as it was reduced from 1700 m2/g to 380 m2/g (similar to ethylendiamin, (en)- Cu-

BTTri [195]). Pyridine was also grafted on Ni-DOBDC to improve the water stability and 

increase the hydrophobicity of the material [196]. Experimental observations supported by 

simulations results have confirmed the enhanced water stability for the Pyridine-Ni-

DOBDC samples while maintaining the CO2 uptake at atmospheric conditions and low 

pressures. It was also concluded that the amine moiety was grafted on the unsaturated metal 

sites of the framework, which makes this approach desirable for amine functionalization. 

From a combined experimental and simulation study, it was found that pyridine 
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modification of an MOF can reduce H2O adsorption while retaining considerable CO2 

capacity at conditions of interest for flue gas separation. This indicates that post-synthesis 

modification of MOFs by coordinating hydrophobic ligands to unsaturated metal sites may 

be a powerful method to generate new sorbents for gas separation under humid conditions. 

Amine functionalization to target the water stability of MOFs will be further discussed in 

the next section.  

 

Figure 0.5 Top: Adsorption isotherms of CO2 for 1-en at the indicated temperatures. Bottom: Adsorption–

desorption cycling of CO2 for 1-en showing reversible uptake from (a) simulated air (0.39 mbar CO2 and 21% 

O2 balanced with N2) and from (b) simulated flue gas (0.15 bar CO2 balanced with N2). (c) time-dependent 

CO2 adsorption for porous materials (A = 1-en, B = mmen-Mg2(dobpdc), C = 1, D = Mg-MOF-74, E = Zeolite 

13X, F = MOF-5). (d) CO2 adsorption ratio of 1-en in flue gas (after 6 min exposure to 100% RH at 21 °C) to 1-

en in flue gas. Adapted from [192]. 

 



39 

 

It is evident from the previous discussion that amine impregnation into MOFs always 

sacrifices the surface area of the final product. Therefore, the choice of the amine that can 

improve the affinity toward CO2 and attain high surface area simultaneously is a trade-off 

issue. MIL-101 materials were reported to have the highest pore volume and surface area 

among MOFs to date (BET = 3125 m2/g and 1.63 cm3/g). Hence they allow the 

incorporation of amines with longer alkyl chains such as polyethyleneimine while at the 

same time maintaining relatively high surface area (1112.6 m2/g after 75 wt% amine 

loading). PEI-loaded MIL-101 prepared by Lin et al. [197] exhibited remarkably high CO2 

uptake of 4.2 mmol/g at 0.15 bar and 298 K with exceptional CO2/N2 selectivity of 770 at 

25 °C. 

Optimization of amine loadings and distribution within the MOF structure is a detrimental 

factor for the impact of these functionalities on the performance in CO2 capture process. 

Precise control of the different factor during the grafting process is crucial to append these 

groups exactly on the unsaturated metal centers to avoid blocking the pores and hindering 

access to the interior volume. Improving the PSM methods is considered one of the means 

to achieve the ideal grafting and amine distribution [191].  

1.4.6  Recent Advances and Current Trends 

1.4.6.1 Hybrid Systems Based on MOFs 

For more efficient utilization of MOFs sorbents, several hybrid systems based on MOFs 

with other solid sorbents have been investigated in the literature. The objective of having 

hybrid materials is to utilize the synergism between the two sorbents and therefore 

ultimately improve the overall performance in CO2 separation. Moreover, sorbents such as 
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activated carbons, graphenes, and CNTs provide the added feature of high surface area and 

easily functionalized sites which contribute to the tuning of the final properties of the 

composite material. CNTs represent one of the effective candidates that can improve the 

properties of MOFs for gas adsorption applications. Zhu et al. [198] incorporated HKUST-

1 in the interspace of CNTs. The designed composite exhibited superior selectivity and a 

CO2 saturation capacity of 7.83 mmol/g at 298 K, which was attributed to the high porosity 

and surface area. In a similar study, multiwall CNTs, well dispersed in MIL-101 (Cr), were 

successfully prepared and maintained the same framework and crystal structure as MIL-

101 materials. An increase of 60% in CO2 uptake was observed for the MWCNT-MIL-101 

composite which was attributed to the increased porosity as a result of incorporating CNTs 

[199], as was confirmed by similar work on MWCNT-MIL-53(Cu) composite [200]. 

 Graphene oxide composites with different MOFs are extensively reported in literature 

such as HKUST-1 [201], MOF-5 [202], and Cu-BTC [203]. GO is considered a stabilizing 

agent for MOFs under humid environment, and it has shown remarkable CO2 capacity of 

3.3 mmol/g and great stability under simulated flue gas conditions for GO/Cu-BTC 

composite [203]. The synthesis of Cu-based MOFs composite with aminated graphite 

oxides (GO) was carried out and fully characterized by Zhao et al. [204]. The composite 

exhibited 50% enhanced porosity as compared to the parent MOF and displayed unique 

structure and pore sizes effective for size exclusion separation of CO2 from the flue gas. 

Silica aerogel (SA) was also investigated as a promising candidate for hybrid systems with 

ZIF-8 [205]. The detailed characterizations of the SA/ZIF-8 confirmed the presence of the 

two phases in the composite after sol–gel synthesis procedure with different ZIF-8 loadings 

and mild BET surface area [205].  
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Several composite materials have been reported for various applications; however, 

utilizing these hybrid systems in CO2 adsorption might be a promising route for improving 

the CO2 capture process. A paper by Ahmed et al. [206] reviews information related to the 

synthesis and adsorption applications of MOF composite materials.  

1.1.1.6 Ionic Liquids/MOF Composites 

Ionic liquids as solvents for the absorption separation of CO2 from flue gas are discussed 

in Section 1.2 in order to overcome the limitations related to the poor dynamics of CO2 

separation in ILs. Due to their high viscosity, MOFs can act as an ideal support material 

for the incorporation of ILs into their porous structure while preserving their unique 

properties. The concept of immobilization of ILs into solid sorbents was already reported 

for various applications. For instance, ILs on mesoporous silica were reported for the 

catalytic esterification reaction [207], ILs into polymer gels for ionic conductivity 

applications [208], ILs/Zeolite composites [209], in addition to several review papers 

available on this topic indicating the widespread use of this new approach over the past 

years [210, 211]. Computational investigation of the theoretical possibility of incorporating 

ILs into MOFs was studied by Jiang’s group for (BMIM)PF6 IL supported on IRMOF-1 

for CO2 capture applications for the first time [212]. The confinement effects of the narrow 

pore on the ILs and the ionic interactions between [BMIM]+ favor the open pore, while the 

anion [PF6]− which is attached to the open metal sites is observed in a simulation study, 

and it is also ascertained that CO2 is favorably attached to the [PF6]− anions sites. The study 

has demonstrated that IL/MOF composites are a potential candidate for CO2 adsorption 

and have displayed significantly high CO2/N2 selectivity. To the best of our knowledge, 

the first report on an experimental attempt to immobilize ILs into MOF structures was 
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published by Liu et al. [213] for the insertion of Bronsted acidic ILs (BAIL) into the pores 

of MIL-101 using post-synthetic approach with triethylene diamine (TEDA) or imidazole 

(IMIZ) as an assistant solvent during the functionalization process. Nitrogen adsorption 

isotherms of bare MIL-101, TEDA-BAIL/MIL-101, and IMIZ-BAIL/MIL-101 all samples 

showed type-I isotherm indicating the microporous nature of the composite. The BET 

surface area was 1873 m2/g for the bare MIL-101 which slightly decreased to 1728 m2/g 

and 1148 m2/g for IMIZ-BAIL/MIL-101 and TEDA-BAIL/MIL-101, respectively. 

Following this leading report, Jhung’s group [214] successfully grafted up to 50 wt.% 

acidic chloroaluminate IL on MIL-101 which reduced the BET surface area of the bare 

MIL-101 by around 60%. The incorporation of ILs with basic nature which is favorable 

for CO2 adsorption was for the first time reported by Kitagawa et al. [215]. A detailed 

characterization and investigation of the phase behavior of the immobilized 1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonylamide) denoted as EMI-TFSA ILs into 

ZIF-8 was presented in this study. A reduction of 29% in pore volume was measured by 

the N2 adsorption isotherm experiments and computational calculations. The EMI-

TFSA/ZIF-8 composite has shown distinctive ion conductivity at low temperature as 

reported in a second paper by the same group [216]. The prospect of IL/MOF composite 

for gas separation is still under computational investigation with no reported experimental 

studies of CO2 adsorption on these composites. Recently, Calero et al. [15] investigated the 

effects of adding room temperature ILs (RTILs) into the pores of Cu-BTC structures. The 

adsorption of CO2, N2, CH4, and their mixtures were studied by utilizing various RTILs 

having the same cation 1-ethyl-3-methylimidazolium [EMIM]+ and different anions such 

as bis[(trifluoromethyl)-sulfonyl]imide [Tf2N]−, thiocyanate [SCN]−, nitrate [NO3]−, 
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tetrafluoroborate [BF4]−, and hexafluorophosphate [PF6]−. The RTIL/Cu-BTC composite 

has shown enhanced CO2 uptakes at low pressures with high CO2/N2 selectivity due to the 

polarization driving force rendering these materials as a promising system for post-

combustion CO2 capture. Another application of IL/MOF composite as a precursor for the 

preparation of nitrogen and boron–nitrogen (N- and BN-)-decorated porous carbons was 

recently reported by Aijaz et al. [217] as a novel synthesis strategy. 

1.1.1.7 Ab/Adsorption in Ionic Liquids/MOF Slurry System 

Another approach to utilize the combined synergistic advantages of MOF and IL 

composites is through a novel hybrid adsorption–absorption technology. This novel 

technology can provide an efficient approach to utilize high capacity, selectivity, and low 

heat of adsorption of the solid sorbents along with the advantages of having a continuous 

flow process that allows for better heat integration and separation rates in contrast to the 

conventional batch process used in adsorption-only process. Mass transfer enhancement 

due to the dispersion of fine solids in liquid solvents was studied and insight into the 

mechanism and the analysis of different mass transfer resistances are described by Zhang 

and coworkers [218] which was in agreement with previous findings [219–221]. As far as 

enhancement of CO2 capture in slurry systems is concerned, AC particles dispersed in 

K2CO3 aqueous solution was reported by Sumin et al. [222] to study the influence of the 

hydrodynamics on the mass transfer improvements. In a similar work by Marius et al. 

[223], AC particles were also found to improve the absorptive CO2 capture process. The 

unique characteristics of MOFs in CO2 adsorption and their recent applications in aqueous 

solution environment [224] have opened the door toward the possibility of immersing MOF 

particles in various physical and chemical solvents for CO2 separation application. This 
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novel unit operation can overcome the process limitations reported for conventional 

adsorption on MOFs such as high pressure drop and the necessity for formulating the 

powders into different shapes and sizes which affects their structural stability and reduces 

the active surface area. Liu et al. [225] have reported, for the first time, the preparation of 

ZIF-8/glycol and ZIF-8/glycol/2-methylimidazole slurries (Figure 0.6). CO2 uptake of 1.25 

mmol/L was recorded for the slurry system with CO2/N2 selectivity of 394 at 1 bar and 

most importantly a very low enthalpy of 29 kJ/mol. In a similar work by Lei et al. [226], 

ILs [EMIM][TF2N] and [OMIM][PF6] were used to prepare slurry systems with ZIF-8 

and ZIF-7. CO2 adsorption in the slurry system has shown a promising performance with 

isosteric heat of adsorption less than 26 kJ/mol. Following these two studies, the solubility 

of CO2 in physical solvents such as methanol mixed with ZIF-8 was also investigated [227]. 

The study has revealed that ZIF-8 can significantly improve the low pressure-CO2 uptake 

in physical solvents and can dramatically reduce the solvent losses by evaporation to the 

gas phase at the top of the absorber. Increasing ZIF-8 loadings has shown further 

enhancement of the CO2 capacity, as observed previously [225]; however, it is worth noting 

that a high solid loading in the slurry system was not recommended from process 

engineering point of view as it might cause some problems during the pumping of the slurry 

mixture and increases the solid losses in the multicycle separation process [225].  
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Figure 0.6 Top left: schematic of the slurry system. (a) Comparison of selectivity toward N2 . (b) ab/adsorption 

enthalpy. (c) CO2 uptake at 303.15 K. Adapted from [225]. 

For future studies on MOF-based slurry systems, there is basic selection of criteria that 

needs to be satisfied by both the MOF and the liquid solution. The selection of the MOF 

possessing the appropriate pore size for the preparation of the slurry system is very 

important to guarantee that the size of the liquid is large enough and does not occupy the 

pores which leaves no space for CO2 to adsorb. Moreover, the structural stability of the 

MOF in the aqueous solution is essential so that it does not lose its porous framework nor 

its surface area. The selection of the liquid candidate is crucial, as it should not provide any 

extra mass transfer resistance for CO2 molecules. Further, experimental and computational 

investigations are still required to understand the separation mechanism in slurry mixtures 

and to have insight into the different types of interactions between the gas, liquid, and solid 

materials. 
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1.5 Challenges and Outlook 

In conclusion, MOFs are considered the largest growing research area in CO2 capture, with 

great achievements and developments. Due to their versatile structures and possibilities for 

various functionalization approaches, the door is still open for further improvements and 

advancements of their performance under real flue gas conditions, and in large-scale 

applications. Although we have reported MOFs with distinguished properties and 

exceptional CO2 capacity, selectivity, and stability, there are still some concerns that need 

to be addressed before reaching commercial scale level. The lack of information about the 

performance of MOFs under real gas mixture conditions is one of the key issues to 

understand the actual working uptakes and identify any possible limitations. Further 

experimental testing of MOFs under gas mixture containing all the impurities that might 

be present in an actual flue gas is needed with the high-throughput technique. 

Computational gas mixture studies can provide essential information in this regard; 

however, experimental investigation is still considered the most reliable approach. MOF 

stabilities in humid conditions, high temperature, and harsh mechanical situations must be 

given much attention. Several studies are performed to target MOF stability, and great 

achievements are recorded in this field [228, 229], as reviewed in references [160, 230]. 

Finally, in the following section, we focus on water stability studies as it is one of the main 

drawbacks of MOFs. 

1.5.1.1 Water Stability of MOFs 

Water stability is a major challenge that has to be overcome before metal organic 

framework can be used in removing carbon dioxide from flue gas. The core structure of 

MOF reacts with water vapor content in the flue gas leading to severe distortion of the 
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structure and even failure. Hence, the physical structure of MOF is changed, e.g., reduction 

of porosity, surface area, etc. that decreases the capacity and selectivity for CO2. Complete 

dehydration of flue gas increases the cost of separation. It is therefore essential for MOFs 

to exhibit stability in the presence of water up to certain extent [91]. 

Metal–ligand coordination bond, which is the most significant part of MOF, is hydrolyzed 

with water, resulting in the displacement of legend bond; therefore, the whole structure 

usually collapses [91]. The stability of MOF in the presence of water depends on the 

strength of metal legend bond. pKa values of the ligand atom can be considered as the 

strength of this metal ligand bond. Since the hydrolysis reaction between MOF and water 

molecule is governed by the Gibbs free energy and activation energy of the reactant and 

product molecule, thermodynamics and kinetics factors have great influence on the water 

stability of MOF [160]. Insight into the molecular structure, more specifically the metal–

ligand strength, the weakest part of MOF, and thermodynamics as well as kinetics study of 

hydrolysis reaction are very important to improve water stability. Several strategies based 

on these two important aspects have been taken into consideration. 

Jasuja et al. [231] performed a study on the effects of functionalization of the organic ligand 

in a series of isostructural MOFs in the Zn(BDC-X)-(DABCO)0.5 family on water 

stability. In this experiment, they cyclically stabilized an unstable parent structure in humid 

conditions through the incorporation of tetramethyl-BDC ligand. The results of molecular 

simulation disclosed that the kinetic stability is improved due to the carboxylate oxygen in 

the DMOF-TM2 structure which acted as a shield to prevent hydrogen-bonding 

interactions and subsequent structural transformations. Hence, electrophilic zinc atoms in 

this structure became inaccessible to the nucleophilic oxygen atoms in water, resulting in 
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preventing the hydrolysis reactions for the displacement ligand. They also performed 

another study [232] to evaluate the effect of strength of metal–ligand coordination bond 

and catenation in the framework on water stability. According to their results, the non-

interpenetrated MOFs constructed from a pillar ligand of higher pKa exhibited higher 

stability; however, interpenetrated MOFs constructed from a pillar ligand of lower pKa 

values exhibited less stability. The interpenetration MOF with incorporation of ligands of 

relatively high basicity exhibited good water stability. By considering the results of 

previous experiment, they synthesized cobalt-, nickel-, copper-, and zinc-based, new 

pillared MOFs of similar topologies which exhibited good water stability [233]. The 

grafted methyl group on the Benzene Dicarboxlate (BDC) ligand introduced steric factors 

around the metal centers; therefore, the water stability of MOF drastically improved. The 

basicity of BTTB-based MOFs synthesized with bipyridyl pillar ligands has lower basicity 

than DABCO; however, they exhibited better stability results in the presence of humid 

condition.  

Bae et al. [114] performed a study to modify Ni-DOBDC with pyridine molecules. The 

study showed that the pyridine molecule made the normally hydrophilic internal surface 

more hydrophobic; as a result, water absorption is reduced due to this modification, while 

the substantial CO2 capture capacity retains up to certain level. Fracaroli et al. [132] 

improved the interior of IRMOF-74-III by covalently functionalizing it with primary 

amine, and used a MOF, IRMOF-74-IIICH2NH2, for the selective capture of CO2 in 65% 

relative humidity. 

Zhang et al. [234] performed a study to modify the surface of the MOF hydrophilic to 

hydrophobic to improve water stability. They demonstrated a new strategy to modify 
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hydrophobic polydimethysiloxane (PDMS) on the surface to significantly enhance their 

water resistance by a facile vapor deposition technique. In this study, they successfully 

coated three vulnerable MOFs according to the water stability (MOF-5, HKUST-1, and 

ZnBT), while the porosity, crystalline characteristics, surface area, etc. were unchanged. 

All these studies demonstrated that water stability of MOFs can be improved by 

incorporating specific factors (e.g., metal–ligand strength, thermodynamic factor, kinetic 

factor, etc.) which govern the structural stability of the framework. 
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Abstract 

Tuning the interior pores of solid sorbents to improve their adsorption characteristics is 

considered an effective approach to enhance gas separation performance. Herein, we 

examine the improvement of carbon dioxide (CO2) capture performance of a ZIF-8 

impregnated with ionic liquid 1-Butyl-3-methylimidazolium Acetate [Bmim][Ac] and 1-

Ethyl-3-methylimidazolium Acetate [Emim][Ac]. The synthesis and detailed 

characterizations of the developed composite materials are reported, and the impact of ionic 

liquid (IL) loading is studied. Fourier transform infrared (FTIR) spectroscopy was used to 

confirm the impregnation of the ILs into the pores of ZIF-8 and thermogravimetric analysis 

(TGA) was carried out to study the thermal stability of the composite materials. The 

powder X-ray diffraction (XRD) pattern of the ILs@ZIF-8 samples revealed that the crystal 

structure of ZIF-8 remained intact after the impregnation process. The Brunatuer–Emmett–

Teller (BET) surface area and pore volumes have significantly decreased up to 80% for 

[Bmim][Ac]@ZIF-8 with 30 wt.% IL loading confirming the presence of ILs inside the 

internal pores of ZIF-8. CO2 and N2 adsorption isotherms of the ILs@ZIF-8 composites 

were evaluated gravimetrically at (303, 313, and 323) K. The impregnated samples 
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exhibited substantially higher CO2 uptake and CO2/N2 selectivity at all studied 

temperatures of up to 7 times higher CO2 capacity at 0.2 bar and 303 K for 

[Bmim][Ac]@ZIF-30 as compared to the pristine ZIF-8. Findings from this work provide 

insights into the synthesis, structure, and sorption capacity of these novel composite 

materials, which could be utilized for the design of sorbents with outstanding properties to 

meet the environmental challenges. 

KEYWORDS: Ionic liquid, metal organic framework, impregnation, CO2 capture 

1.1 Introduction 

The continuous reliance on fossil fuel for energy production led to a sharply rising 

concentration of CO2 in the atmosphere causing catastrophic repercussions on climate 

change known as the greenhouse gas effect. This has propelled research toward finding 

alternative clean energy sources such as hydrogen fuel [1], however, the continuous 

discovery of fossil fuel reserves and the relatively cheap and simple technology used in 

their production led to their widespread use in power plants and transportation [2]. This 

resulted, consequently, in an increase in CO2 concentration in the atmosphere to more than 

400 ppm, stressing the urgency to take actions in order to combat climate change and 

reduce the anthropogenic greenhouse gases emissions in the form of carbon capture. 

Actions are taken to keep the increase of temperature at or below 2 oC [3]. Different 

technologies have been reported for the separation of CO2 from flue gas including the 

absorption into reactive solvents, membrane-based separation, microbial capture 

techniques, and the adsorption into solid materials. Adsorption based CO2 separation has 

emerged as a viable alternative to amine scrubbing units to replace the energy intensive 

absorption process. In a recent article, we have presented a comprehensive review of 
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adsorption based CO2 capture technologies with special focus on metal-organic 

frameworks (MOFs) owing to their high porosity and modular design which allowed for 

effective functionalization by fine-tuning their properties for the selective removal of CO2 

from flue gas streams [4]. A large number of MOFs have been prepared to date with 

exceptional CO2 capture performance owing to the presence of open metal sites, nitrogen-

rich organic ligands, and the presence of functional groups with high affinity toward CO2 

[5, 6]. One of the major strategies to improve the CO2 separation performance in MOFs is 

the grafting of amines to induce acid-base interaction with CO2 and enhance its affinity 

and CO2/N2 selectivity [7]. However, the inherent demerits of amines in CO2 capture such 

as their high volatility, corrosiveness, and degradation are considered the major limitations 

of this technology. On the other hand, ionic liquids (ILs), which are salts composed of 

organic cations and anions counterparts. The solvents are liquids at room temperature, and 

could be considered promising alternatives to amines in improving the affinity while 

preserving the stability under adsorption conditions. The widespread application of ILs in 

CO2 separation is motivated by their excellent features including low volatility, chemical 

stability and most importantly the ability to systematically design the structure by varying 

the anion or the cation [8]. Nevertheless, their high viscosity and cost of synthesis are 

considered the major challenges for their commercial application, hence the search for new 

techniques to use ILs differently in CO2 separation is essential. Supported ionic liquids 

(SILs) which is the impregnation of ILs into the pores of solid materials has emerged as a 

promising approach to overcome these limitations and achieve excellent features in various 

applications [9]. Ruckart et al. studied CO2 separation using ordered mesoporous silica 

SBA-15 impregnated with task specific ionic liquid (TSIL), and concluded that TSIL 
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improved both the CO2 capacity and selectivity of the parent SBA-15 material8. It was also 

found that varying the chain length of the alkyl cation could be used to systematically tailor 

the adsorption properties. Kitagawa and coworkers presented a summary of the synthesis 

methods and the possible uses of ILs supported on MOFs including applications to CO2 

capture [10]. Previously published computational results demonstrated the positive impact 

of ILs on improving the CO2 uptake and selectivity of MOFs [11, 12], however 

experimental verification of these studies are still required. Moreover, the accuracy of the 

computational approaches used are limited because of the strong interactions between the 

IL and the MOF sorbents which require the development of new force fields to precisely 

describe their adsorption characteristics. The recent computational study reported by Xue 

and coworkers on ILs impregnated on different MOFs concluded that IL dispersion in the 

framework is a major factor in determining the adsorption characteristics of the resulting 

composite material [12]. The results also indicated that zeolite imidazolate framework 

(ZIF-8) with three dimensional (3D) structures possess the highest CO2/N2 selectivity 

enhancement rate due to the better IL dispersion as compared to one (1D) and two 

dimensional (2D) frameworks. Recently, Kinik and coworkers reported the incorporation 

of 1-n-butyl-3-methylimidazolium hexafluorophosphate [Bmim][PF6] into ZIF-8 using 

acetone as solvent at room temperature [13]. The CO2/N2 selectivity of [Bmim][PF6] 

@ZIF-8 composite at low pressure (0.1 bar) was found to almost triple in value,  which 

was attributed to the increased affinity due to the immobilization of [Bmim][PF6] into the 

pores, however, the CO2 uptake has only slightly increased up to 0.4 bar for the 

impregnated samples.  
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We have presented a thorough review of CO2 separation using IL@MOF composites in a 

previous publication [14] where we summarized the advancement of research in this field. 

This was followed by a more recent review article which recapitulates previously published 

studies, and summarizes the different synthesis methods used, and the potential application 

of IL@MOF composites in gas separation [15, 16]. In this manuscript, we report the 

synthesis work, detailed characterizations, and gas sorption studies of ZIF-8 impregnated 

with two acetate-based ILs namely, 1-Butyl-3-methylimidazolium Acetate ([Bmim][Ac]) 

and 1-Ethyl-3-methylim- idazolium Acetate [Emim][Ac]. The impacts of IL loading on the 

surface area and pore volume of the composite sorbents, and on the CO2 adsorption 

performance are also investigated. The rational for using ILs with carboxylic group is 

ascribed to the high affinity of these ILs to interact with CO2 through the acidic carbon on 

the CO2 and the basic carboxylate group on the anion part. Therefore, this induces 

chemisorption interactions that are fully reversible upon heating without any noticeable 

degradation of the ILs [17, 18]. This can result in both significant improvements in CO2 

uptake as well as the CO2/N2 selectivity which is the objective of the current study. 

1.2 Materials and Experimental Work 

1.2.1 Materials 

Methanol (≥99.9 wt.%), 1-Butyl-3-methylimidazolium Acetate (assay ≥95 wt.%) and 

Zeolitic Imidazolate Framework (ZIF-8), under the commercial name Basolite Z1200, 

were purchased from Sigma Aldrich. 1-Ethyl-3-methylimidazolium Acetate (≥98 wt.%) 

was acquired from Solvionic. The ionic liquids were used without any prior treatment, 

however ZIF-8 was heated at 150 oC overnight inside a glovebox (CleaTech LLC) filled 

with Argon gas to remove moisture and previously adsorbed gases. All chemicals were 
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stored in a glovebox with circulating Argon gas over a molecular sieve desiccant (3A, 4-8 

mesh, Sigma Aldrich Canada) to remove any moisture. All gases used in this study (CO2, 

N2, and Ar) were ultra-high purity gases (99.999 wt. %), and were purchased from Praxair 

Inc. Canada. 

1.2.2 Preparation of the IL@ZIF-8 Composites 

The IL@ZIF-8 composite materials were prepared using the incipient wetness technique 

for impregnation. The specified amount of IL was weighed out in a scintillation vial. Then 

3 mL of methanol was added to the specified amount of IL, and the vial was gently mixed 

until the IL was dissolved. The total amount of ionic liquid used for the impregnation varied 

depending on the targeted loading of IL desired in the resulting composite. The solution 

was added dropwise to the pre-weighted ZIF-8 material, and the composite was dried at 70 

°C overnight to remove any remaining solvent. All impregnated samples were stored in a 

desiccator inside a glovebox filled with Argon. Three samples were prepared following the 

above procedure for each ionic liquid and are designated as [Bmim][Ac]@ZIF-X and 

[Emim][Ac]@ZIF-X where X is the weight % of the IL in the composite (X = 10, 20, or 

30). 

1.2.3 Characterization 

1.2.3.1 Thermogravimetric analysis (TGA) 

TGA experiment was carried out for the two ILs, ZIF-8, and the IL@ZIF-8 samples in a 

platinum pan using a Shimadzu (TGA-50) instrument connected to a flow controller (FC-

60A). The sample temperature was increased from room temperature to 800 °C at a heating 

rate of 10°C/min under a continuous N2 flow of 50 mL/min. The weight loss % versus 
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temperature profile was constructed from the data. Cyclic adsorption/desorption studies 

were also performed using the Shimadzu (TGA-50) analyzer at atmospheric pressure and 

30 oC. About 10 mg of the sample was loaded in a platinum pan, and was heated at a rate 

of 10 oC/min to 100 oC under 100 mL/min nitrogen flow, and was maintained constant for 

2 hours to remove the moisture and any pre-adsorbed gases. The temperature was then 

cooled down to the selected adsorption temperature (i.e 30 oC). After the temperature 

became stable at 30 oC for 30 minutes, CO2 was introduced at a flowrate of 100 mL/min 

for 1 hour. These steps were repeated in performing up to 10 adsorption-desorption cycles. 

The amount of CO2 adsorbed (mmol/g) was calculated based on Equation 3.1 below: 

CO2Uptake =
wt(mg)−wt=0(mg)

44∗wt=0(mg)
∗ 1000                          (3.1) 

Where wt=0 and wt are the initial weight of the sample and the equilibrium weight 

respectively. 

1.2.3.2 Powder X-Ray Diffraction (XRD) 

XRD analysis of the samples were performed using the D8 Discover diffractometer 

(Bruker AXS, USA) with GADDS 2D detector equipped with Ni-filtered Cu-Kα radiation 

source (λ = 0.154056 nm) at 40 mA and 40 KV. The Bruker D8 has a conventional 1.6 kW 

sealed X-ray tube source. The most significant feature of this instrument is the 2D detector 

that allows a large range of diffraction space to be observed simultaneously. The incident-

beam collimator was of a pinhole type that can collimate the X-ray beam to a point of 0.8 

to 0.05 mm diameter. The sample stage is a Eularian cradle that permits rotation of samples 

during the scans, in addition to x, y and z stages that can be controlled to choose a particular 

area for analysis with the aid of a camera and a laser for beam alignment. The 
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diffractograms were collected in a range of diffraction angles (2θ) of 2.5° to 35° with a step 

size of 0.05° and a scan speed of 1 second/step was applied to collect the intensity data. 

1.2.3.3 Fourier transform infrared spectroscopy (FTIR) 

FTIR spectra were recorded on a Fourier transform infrared spectrometer (Bruker, Equinox 

55) equipped with an attenuated total reflection (ATR) cell and a room-temperature 

detector. The scans were collected from 4000 cm−1 to 400 cm−1 with 4 cm−1 resolution. 

1.2.3.4 The Brunatuer–Emmett–Teller (BET) surface area 

BET analysis was performed using a Micromeritics ASAP2020 Analyzer. Prior to N2 

adsorption, samples were outgassed at 100 oC for 4 hours under vacuum. After 

pretreatment, the sample was cooled down to 77 K using liquid nitrogen and the adsorption 

isotherm was collected between 10−6 and 1 bar. A section of the nitrogen adsorption branch 

in the relative pressure (P/Po) from 0.05 to 0.3 was fitted to the BET and Langmuir 

equations to estimate the surface areas of the samples. Pore volumes and average pore 

width of the samples were derived from N2 adsorption isotherms at 77 K using the Barrett- 

Joyner- Halenda (BJH) method with Halsey-Faas correction available with the associated 

software. 

1.2.3.5 Adsorption Isotherms 

Measurements of the adsorption isotherms of CO2 and N2 were performed using an 

Intelligent Gravimetric Analyzer (IGA-03) manufactured by Hiden Analytical Ltd (UK). 

The isotherms were recorded at three different temperatures (303.15, 313.15, and 323.15) 

K. The IGA instrument is a fully automated microbalance with a high-pressure gas supply 

up to 20 bar in addition to ultra-high vacuum pumps for sample outgassing. The setup 
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allows for the accurate determination of gas adsorption isotherms and adsorption kinetics 

at each pressure set point. The instrument consists of a microbalance with a sample bucket 

and a counterweight measurement mechanism with a precision of 0.1 µg and a long-term 

stability of 1 µg. The change in sample weight is measured in real time and is recorded 

using the IGASwin software. Pressure is monitored using low and high pressure 

transducers. The sample temperature was measured at 5 mm from the sample with a type 

K platinum thermocouple (±0.05 K) and the temperature control was achieved using a 

water bath (Polyscience) with a resolution of 0.1 K. In a typical run, about 50 mg sample 

was loaded and suspended in a stainless-steel reactor, and the initial sample weight was 

recorded after attaining stability. Then the sample was heated to 80 oC under high vacuum 

(15 mbar) created using a diaphragm pump and a turbo pump (Pfeiffer) to remove all traces 

of moisture, and the pre-adsorbed gases. The outgassing step was continued for about 4 

hours until the weight stayed constant for 1 hour. Temperature was then adjusted to the 

required adsorption temperature and the isotherm measurement was initiated by allowing 

a controlled flow of the gas through an MFC controller. The weight change was 

automatically measured in real time and the equilibrium capacity was recorded when 99.5 

wt% gas uptake was achieved. A sufficient time of about 2 hours was given to reach 

equilibrium and allow for weight stability. Once equilibrium was attained, pressure was 

changed to the desired set point and the subsequent gas uptake was recorded until 

equilibrium was reached, again. The increase of sample mass due to gas adsorption for 

each pressure value was plotted against the corresponding pressure. The isotherms were 

typically repeatable to less than 1% absolute average deviation (AAD). 
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1.3 Results and Discussions 

1.3.1 Synthesis and characterization of the IL@ZIF-8 Composites 

The thermal stabilities of the IL@ZIF-8 composites were investigated using TGA 

experiment under N2 flow as shown in Figure 0.1 (a) and (b) for the different 

[Bmim][Ac]@ZIF and [Emim][Ac]@ZIF samples, respectively. A weight loss of less than 

5 wt% was observed for the two composite systems at around 100 oC which could be 

ascribed to the evaporation of the remaining solvent used in the synthesis of the composites 

(i.e methanol) in addition to the desorption of moisture and other pre-adsorbed gases due 

to exposure to atmosphere during the synthesis steps. 

 

Figure 0.1 TGA thermograms of [Bmim][Ac]@ZIF (a) and [Emim][Ac]@ZIF (b) prepared at different IL 

loadings, shown along with the pristine ZIF-8 material. 
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Figure 0.2 Dynamic weight loss derivatives (DTG) curves of [Bmim][Ac]@ZIF (a) and[Emim][Ac]@ZIF (b). 

The pristine ZIF-8 sample has a total weight loss of 52 wt% whereas the total 

decomposition of [Bmim][Ac] and [Emim][Ac] occurred at 230 oC as obtained from the 

DTG profiles shown in Figure 0.2. The total decomposition of the ILs was mainly due to 

the cleavage of C-C and C-N bonds which is postulated to follow SN2 mechanism as 

explained by Maton and co-workers in their review paper [19]. The pristine ZIF-8 sample 

was relatively stable up to 400 oC (less than 2 wt% loss), which supports the notion that 

any weight loss observed before 400 oC for the impregnated samples would be 

corresponding to the amount of IL that was actually impregnated. This assumption implies 

that no noticeable ZIF-8 decomposition is realized in the composite materials below 300 

oC. Following this approach, the weight loss at 300 oC was selected to estimate the actual 

IL loading (XTGA wt.%) of the impregnated samples according to Equation 3.2:  

XTGA (wt. %) = wt% Loss of IL@ZIFat 300 oC − wt% Loss of IL@ZIFat 100 C     

(3.2) 
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Previous similar studies have adopted similar approach to estimate the IL loadings in 

composite materials using TGA decomposition profiles [20]. According to equation 3.2, 

all the weight losses before 100 oC are attributed to the solvent and moisture, and that the 

onset temperature for the IL decomposition is higher than 100 oC. Table 0.1 lists XTGA 

values obtained for the different composites as compared to the starting ratios (X). It is 

observed that the actual loadings were less than the nominal compositions which could be 

explained by the IL losses to the walls of the scintillation vial used in the preparation of 

the composites as well as the experimental errors in the weight measurements.  

Table 0.1 IL loading based on TGA results 

 [Bmim][Ac]@ZIF 

 

[Emim][Ac]@ZIF 

 

Predicted wt.% loss at 800 

oC 

*X *XTGA wt.% loss at 800 

oC 

*X XTGA wt.% loss at 800 oC 

56.8 10 8.2 68.2 10 9.9 63.0 

61.6 20 15.4 69.8 20 19.9 73.2 

66.4 30 25.4 73.2 30 25.8 69.9 

X is the nominal loading or the starting IL loading (weight %), XTGA is the IL loading calculated using the 

TGA thermograms 

A closer look at the TGA profiles reveals that the decomposition of the impregnated sample 

did not follow a single step trend as in pure [Bmim][Ac] and [Emim][Ac] ILs, however 

two decompositions occurring at different temperatures were observed for the IL@ZIF 

composites. A major decomposition was observed at 200 oC for the impregnated samples 

which is significantly lower than the bare IL, indicating a shift of the first decomposition 

temperature to a lower value. A second weight loss was detected by a smaller peak at about 

330 oC on the DTG in Figure 0.2. This could be attributed to the different decomposition 
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mechanism of the bare ILs than when incorporated into ZIF-8 pores. Also, the presence of 

ionic interactions between the IL and the ZIF-8 framework could be responsible for such 

behavior, where the weakly attached ILs decomposes first followed by a second 

decomposition at relatively higher temperature due to the additional interactions. This 

observation suggests that the IL@ZIF samples have different characteristics than both of 

individual components of the composite. Furthermore, according to the starting 

concentrations of the synthesis step (X = 10, 20, and 30 wt% IL), the expected total weight 

loss of the impregnated sample are estimated using Equation 3.3 based on the total 

decomposition of the impregnated IL and 52% loss of ZIF-8: 

Expected wt% loss = X + 0.52 ∗ (100 − X)                   (3.3) 

However, the actual values were higher than the estimations which could be ascribed to the 

increased tendency of ZIF-8 decomposition in the impregnated samples. A similar 

observation was reported recently for the impregnation of 1-N-butyl-3-methylimidazolium 

hexafluorophosphate [Bmim][PF6] on ZIF-8 [13] and for 1-N-butyl-3-methylimidazolium 

chloride supported on inorganic nanosheets [21], and elsewhere [22]. 

As shown in the XRD diffractograms presented in Figure 0.3 (a) and (b), characteristic 

diffraction peaks of ZIF-8 were detected for all the impregnated samples at different IL 

loadings in accordance with the simulated XRD patterns [23]. These results clearly 

illustrate that the crystal structure of ZIF-8 remained intact and unchanged after the 

incorporation of the acetate-based ILs with no loss of the crystalline integrity for both 

[Bmim][Ac]@ZIF and [Emim][Ac]@ZIF composites. The decrease in Bragg’s diffraction 

intensity upon the immobilization of the ILs to the ZIF-8 framework (especially for the 
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major peak at 2Ɵ=7.3o) could be attributed to the variation of the electron density due to 

the presence of the ILs in the cages of ZIF-8. However, this could also be attributed to the 

partial loss of crystallinity and change of morphology of the impregnated samples as 

discussed in previous studies [24, 25]. The robust structural stability of ZIF-8 after 

exposure to water and other solvents was ascribed to the 2-methylimidazolate linker in the 

ZIF-8 framework [26].  

 

Figure 0.3 X-Ray Diffraction pattern of the parent ZIF-8 and the [Bmim][Ac]@ZIF (a) and [Emim][Ac]@ZIF 

(b) composites. 

N2 adsorption–desorption isotherms of the bare ZIF-8 and the [Bmim][Ac]@ZIF-8 

samples are shown in Figure 0.4 and the corresponding textural properties are presented in 

Table 0.2. The pristine ZIF-8 sample has a BET surface area of 1274.1 m2/g and a pore 

volume of 0.7 cm3/g which are consistent with previously reported values [27]. It can be 

observed from Figure 0.4 that both the pristine ZIF-8 and the impregnated samples showed 

type-I isotherm, common in cases of microporous materials. A significant decrease in the 

porosity was observed upon the incorporation of the [Bmim][Ac] indicating the successful 

impregnation process, and that the IL is residing inside the pores of ZIF-8 rather than on 

the external surface area as deduced from the decrease in pore volume. However, the 
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porous nature and high surface areas were still preserved after IL incorporation. 

Furthermore, the average pore size has considerably decreased due to IL impregnation by 

22%, 45%, and 60% for [Bmim][Ac]@ZIF-10%, [Bmim][Ac]@ZIF-20%, and 

[Bmim][Ac]@ZIF-30%, respectively. The decrease in pore size suggests that [Bmim][Ac] 

is favorably placed close to the pore’s internal surface due to the electrostatic interaction 

between the IL and the surface of ZIF-8 leading to the observed pore size reduction. This 

could be further confirmed by the appearance of a hysteresis loop in the N2 adsorption-

desorption profile of the impregnated samples which is more pronounced at higher IL 

loadings (Figure 0.4). The hysteresis loop could be ascribed to the capillary condensation 

of N2 gas into the pores of ZIF-8 during the adsorption process due to the reduced pore 

apertures because of the IL layer on the pore surface and the formation of smaller pores 

which could be further corroborated by looking at the pore size distribution curves (PSD) 

exhibited in Figure 0.5. Similar observations were reported by Luo et al. for the 

immobilization of ILs on HKUST-1 [28] and MIL-101 [29] in catalytic applications.  

 

Figure 0.4 N2 adsorption-desorption isotherms at 77 K of ZIF-8 and [Bmim][Ac]@ZIF-8 composites. 
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Figure 0.5 Pore Size Distribution of ZIF-8 and bmimAc@ZIF-8 composites. 

Table 0.2 Textural properties of [Bmim][Ac]@ZIF-8 composites 

Sample type BET surface 

area (m2/g) 

Langmuir 

surface area 

(m2/g) 

Total pore 

volume 

(cm3/g) 

Average pore 

width (nm) 

ZIF-8 1274.1 1836.5 0.70 11.00 

[Bmim][Ac]@ZIF-10 1196.1 1723.9 0.65 8.58 

[Bmim][Ac]@ZIF-20 627.7 906.9 0.35 5.66 

[Bmim][Ac]@ZIF-30 266.2 386.3 0.15 4.35 

 

The attenuation total reflectance Fourier transform infrared (ATR-FTIR) spectra for 

[Bmim][Ac]@ZIF and [Emim][Ac]@ZIF composites is shown in Figure 0.6and Figure 

0.7, respectively. The FTIR spectroscopy provides further evidence that successful 
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impregnation of ILs into ZIF-8 was achieved as confirmed by observing the peaks 

corresponding to the ILs appearing on the spectra of the composite materials. In order to 

highlight these peaks, the FTIR spectra is presented in two regions, the low frequency and 

the high frequency regions for each composite material. The spectral IR bands obtained at 

around 600 cm−1 IR band is attributed to C–H bending vibrations and the 750 cm−1 band 

corresponds to C–H rocking vibrations. Bands between 1100–1000 cm−1 are due to C–O 

stretching and C-H out-of-plane bending vibrations, whereas bands between 1400-1500 

cm−1 are ascribed to C–C stretching vibrations. The IR bands between 2800–2900 cm−1 

correspond to the asymmetric C–H stretching vibrations on the cation alkane group, and 

the symmetric and asymmetric stretching modes of CH2 and CH3. Detailed spectroscopic 

characterization and IR peak assignment for [Bmim][Ac] and [Emim][Ac] could be found 

in the previous study by Yesudass et al. [30] The intensity of these peaks corresponding to 

the IL are showing an increasing absorbance with the loading amount of the IL in the 

composite sorbent. The IR spectral band at 1377 cm-1 corresponds to the carboxylate anion 

on the ionic liquid [31] which is clearly observed on both the pure IL and the impregnated 

samples. Moreover, the IR spectral band at 1173 cm-1 belongs to the imidazolate group 

which is present as a cation on the IL and as an organic linker on the ZIF-8 framework. 

The small shift in the peaks locations as observed at IR spectral band of 1330 cm-1 and 

indicates the presence of interaction forces between the ILs and the ZIF-8 surface. Similar 

observation was reported for the case of [Bmim][BF4]  and [Bmim][PF6]   impregnated on 

ZIF-8 by Uzun’s group [13, 32]. 
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Figure 0.6 FTIR spectra of [Bmim][Ac]@ZIF-8 composites in the low wave number range from 500 to 1750 cm-1 

(a) and in the high wave number range from 1750 to 4000 cm-1 (b). 

 

Figure 0.7 FTIR spectra of [Emim][Ac]@ZIF-8 composites in the low wave number range from 500 to 1750 cm-1 

(a) and in the high wave number range from 1750 to 4000 cm-1 (b). 

1.3.2 Gas Adsorption Performance of IL@ZIF-8 

The performance of the impregnated ZIF-8 samples with [Bmim][Ac] and [Emim][Ac] ILs 

were studied experimentally using gravimetric method to measure the adsorption 

isotherms. Three different adsorption temperatures were selected in this study (303.15, 

313.15, and 323.15 K). The dependence of the adsorption uptake on temperature at 

different pressure values allowed for the evaluation of the isosteric heat of adsorption (Qst) 

for both the pristine ZIF-8 and the impregnated samples in order to investigate the impacts 

of the IL loadings on the heat of adsorption. The CO2 and N2 equilibrium uptakes for the 

parent ZIF-8 and the impregnated composites were measured in a pressure range up to 10 
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bar. Figure 0.8 and Figure 0.9 show the CO2 isotherms of [Bmim][Ac]@ZIF and 

[Emim][Ac]@ZIF, respectively, at three different temperatures. It can be clearly seen that 

the immobilization of the acetate based ILs has significantly increased the CO2 uptake 

especially in the low-pressure region. Due to the weak interactions between CO2 and ZIF-

8 sorbent, the adsorption isotherm on ZIF-8 showed a linear dependence on pressure 

indicating the existence of physical adsorption forces. On the other hand, the impregnated 

samples have shown substantially higher CO2 uptake reaching 0.83 mmol CO2/g for 

[Bmim][Ac]@ZIF-30 at 0.2 bar and 303.15 K (Figure 0.8) which is 7 times higher than the 

pristine ZIF-8 at the same conditions. The instant increase of CO2 uptake for the 

impregnated samples at low pressure indicates the presence of chemisorption interaction 

imposed by the acetate-based ionic liquids. Furthermore, the adsorption capacity decreased 

with increasing temperature, however the superior CO2 capacity of the impregnated 

samples was evident at all temperatures studied. It can be clearly observed that the bare 

ZIF-8 samples have shown superior CO2 uptakes than the impregnated samples in the high- 

pressure zone starting after 2 bar. The trend at high pressure was completely opposite to 

the CO2 uptake at low pressure. The higher the IL loading was, the lower the CO2 uptake 

recorded. This could be attributed to the decrease of surface area due to the IL 

immobilization into the pores of ZIF-8 which reduces the total surface area of the 

composite materials leading to less CO2 uptake. The major driving force for adsorption at 

high pressure is the available surface area rather than the chemical functionality on the 

sorbent material. This trend was also reported for the incorporation of task specific ILs into 

mesoporous silica SBA-15 materials [20] and for polyethylenimine (PEI) supported on 

UiO-66 [33]. 
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Figure 0.8 CO2 adsorption isotherms of [Bmim][Ac]@ZIF composites at different temperatures (a) 303.15 K, (b) 

313.15 K, and (c) 323.15 K. 

 

Figure 0.9 CO2 adsorption profile of [Emim][Ac]@ZIF composites at different temperatures (a) 303.15 K, (b) 

313.15 K, and (c) 323.15 K. 

According to these results, CO2 adsorption on ZIF-8 could be remarkably improved 

especially at low pressures which is relevant to post combustion capture applications where 

CO2 partial pressure can be as high as 0.15 bar [14]. The high affinity toward CO2 of the 

impregnated samples in comparison to the pristine ZIF-8 could be ascribed to the acetate-

based ILs as well as the synergistic effects due to the interactions between the IL and the 

supporting ZIF-8 structure. Figure 0.10 illustrates the change in CO2 capacity versus IL 

loading in the composite materials at different temperatures.  
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Figure 0.10 Change in CO2 adsorption uptake versus IL loading at 0.2 bar and different temperatures for 

[Bmim][Ac]@ZIF (a) and [Emim][Ac]@ZIF (b) 

Adsorption isotherms for N2 at different temperatures is depicted in Figures S1 and S2 

(Supplementary Information) for [Bmim][Ac]@ZIF and [Emim][Ac]@ZIF composites, 

respectively. The ideal selectivity (S) has several representations and the simplest 

definition is the molar ratio of the gas uptakes determined from the pure component 

isotherms at the same pressures as shown in Equation 3.4 [34]. 

S =
qCO2

qN2
                                                                 (3.4) 

Figures 11 and 12 illustrate the impacts of IL loading on the CO2/N2 selectivity for 

[Bmim][Ac]@ZIF and [Emim][Ac]@ZIF, respectively. According to these figures, the 

impregnated samples at different IL loadings have shown varying trends in selectivity over 

the range of pressures and temperatures studied. The pristine ZIF-8 has shown a selectivity 

of 5 throughout the pressure and temperature ranges studied. According to Figure 0.11, 

[Bmim][Ac]@ZIF-20 recorded the highest selectivity at 303.15 K up to 54 at 0.1 bar which 

then decreased to a plateau of 10 for all pressures above 1 bar. On the other hand, 

[Bmim][Ac]@ZIF-30 displayed a substantially high selectivity of about 92 at 0.1 bar and 
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323.15 K. The trends at 313.15 K were not very different as all [Bmim][Ac]@ZIF samples 

have shown a selectivity of around 5 for all pressures and temperatures. As illustrated in 

Figure 0.12, [Emim][Ac]@ZIF-10 has shown a superior selectivity to all the other samples 

at 303.15 K up to 17 at 0.1 bar, while [Emim][Ac]@ZIF-30 exhibited the highest selectivity 

of about 105 at 0.1 bar and 323.15 K. A similar trend was observed for the selectivity of 

the composites sorbents at 313.15 K with selectivity values varying from 2 to 6 throughout 

the pressure range studied. The impacts of the IL loading on the selectivity was highly 

pronounced at high temperatures (i.e 323.15 K) and the selectivity at this temperature were 

proportional to the IL loading in the composite (see Figure S3). These varying trends in 

selectivity for the different samples are mainly attributed to the different affinity toward 

the two gas molecules (CO2 and N2) at these conditions due to the favorable absorption of 

CO2 over N2 in the immobilized ILs. Previous attempts to improve the performance of ZIF-

8 [35] and Cu-BTC [36, 37] impregnated with 1-butyl-3-methylimidazolium 

hexafluorophosphate ([Bmim][PF6]) has shown an improved CO2/N2 selectivity and a 

decrease in CO2 uptake when introducing the IL into the pores of ZIF-8. This work in 

contrary, shows that the confinement of ILs into the ZIF-8 framework has significantly 

increased both the CO2 uptake and CO2/N2 selectivity. This could be attributed to the 

relatively high CO2 solubility in [Bmim][Ac] and [Emim][Ac] ILs [31, 38], considered as 

two of the best ILs in the literature when compared to the “physical” ILs [39] due to the 

existence of chemical affinity as was observed for PEI@UiO-66 [33]. To shed further light 

on the interaction strength between CO2 and the acetate-based ILs, Qst values at different 

CO2 loadings were calculated and will be presented in the next sections. 



85 

 

 

Figure 0.11 CO2/N2 Selectivity of [Bmim][Ac]@ZIF-8 composites (a) 303.15 K, (b) 313.15 K, and (c) 323.15 K. 

 

Figure 0.12 CO2/N2 Selectivity of [Emim][Ac]@ZIF-8 composites (a) 303.15 K, (b) 313.15 K, and (c) 323.15 K. 

1.3.3 Cyclic Adsorption-Desorption Performance 

The long-term stability of solid sorbents under cyclic adsorption-desorption operation is 

considered an important factor for practical application purposes due to the cyclic nature 

of the adsorption-based separation process [40]. Multiple adsorption-desorption cycles 

were conducted using the TGA instrument at atmospheric pressure and 303.15K. The 

desorption conditions used in this study was by heating up to 100 oC under a nitrogen flow. 

In order to gain more information on the thermal stability of the sample under regeneration 

conditions, and to get insights into the rate of thermal decomposition[19, 41], a prolonged 

TGA run was performed for a period of 10 hours, and results are presented in Figure 0.13. 
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Total weight losses of 1.5, 2, and 5 wt. % were recorded for [Bmim][Ac]@ZIF-10, 

[Bmim][Ac]@ZIF-20, and [Bmim][Ac]@ZIF-30 samples, respectively. Note that the 

weight loss occurred in the first 30 minutes and remained almost unchanged for the rest of 

the test duration. The multicycle performance of [Bmim][Ac]@ZIF-20 is presented in 

Figure 0.14. CO2 uptake was stable at about 0.45 mmol/g up to 10 cycles and maintained 

a constant adsorption rate until equilibrium was achieved after 30 minutes. The initial 2 wt. 

% loss observed upon heating to 100 oC was attributed to the removal of moisture and pre-

adsorbed gases as shown in Figure 0.13. The stable performance of the impregnated 

samples under multiple cyclic operations indicates that the adsorption characteristics were 

not affected by the introduction of CO2 to the samples. The total recovery of the adsorbed 

CO2 confirms the efficient regeneration ability of these composite sorbents. 

 

Figure 0.13 Prolonged isothermal TGA analysis of [Bmim][Ac]@ZIF samples at 100 oC for 10 hours. 
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Figure 0.14 Cyclic adsorption-desorption performance of [Bmim][Ac]@ZIF-20 at 1 bar and 303.15 K. The 

regeneration was performed by heating the sample to 100 oC under N2 flow. 

1.3.4 Equilibrium Isotherm Modeling 

Many equilibrium adsorption models have been proposed in literature to fit experimental 

isotherm data in order to establish a mathematical equation that can sufficiently describe 

the experimental uptakes over a wide range of conditions. This step in the analysis is quite 

important as it is considered a major input in the design and performance analysis of any 

sorbent material for adsorption process[42]. The adsorption isotherms at different 

temperatures were often correlated using the Freundlich and the dual site Langmuir (DSL) 

models as represented by Equations 3.5 and 3.6, respectively. These two isotherm models 

have been selected mainly because both account for the presence of two distinguishable 

types of adsorption sites on the sorbent surface. The Freundlich isotherm model is based 

on the assumption of an exponential distribution of heats of adsorption, and hence is often 

used to fit adsorption isotherms on heterogeneous surfaces over a wide range of equilibrium 

pressures. On the other hand, the DSL model inherently assumes the presence of low and 
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high energy sites on the sorbent material which is very convenient to use in our case due 

to the presence of the acetate IL sites as well as the surface of the ZIF-8 substrate.  

qe = K P1/m                                                          (3.5) 

qe =
nAbA P

1+bA P
+

nBbB P

1+bB P
                                       (3.6) 

where, qe represents the equilibrium CO2 uptake (mmol/g), P is the equilibrium pressure 

(bar), K and m are the Freundlich isotherm parameters and nA, bA, nB,and bB are the DSL 

fitting parameters. The Freundlich fitting parameters for all the samples at different 

temperatures were obtained using nonlinear regression tool in Mathematica software© and 

are listed in the Supporting Information (Tables A.1 and A.2). The Freundlich model has 

satisfactorily correlated the adsorption isotherms for all the impregnated materials at 

different temperatures as indicated by the value of the correlation coefficient (R2), found 

to be close to unity. A comparison between the model predictions and the experimental 

isotherm data is shown in Figures A.4 and A.5 for [Bmim][Ac]@ZIF-8 and 

[Emim][Ac]@ZIF-8 composites, respectively. The values of the constant m increased 

considerably with increasing IL loading at each temperature which could be ascribed to the 

effects of the newly introduced adsorption sites which possess chemisorption-based 

interaction with CO2 leading hence to an increase in the exponential distribution order of 

heats of adsorption as reflected by the sharp increase in CO2 uptake at low pressure. On 

the other hand, the constant K decreased with increasing temperature indicating that 

adsorption is favored at lower temperatures. These observations are in agreement with 

similar findings reported for the modification of silica using phosphonium-based ILs [43].  
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The DSL model was also found to correlate the experimental isotherm data very well as 

reported in Figures A.6 and A.7 for [Bmim][Ac]@ZIF and [Emim][Ac]@ZIF composites, 

respectively. A non-linear regression software (NLREG) was used to fit the data to the 

DSL model, and the parameters along with the correlation coefficient (R2) are displayed in 

Tables A.3 and A.4 for [Bmim][Ac]@ZIF and [Emim][Ac]@ZIF composites, respectively. 

The DSL model was found to give the best correlation to the experimental isotherm data. 

Therefore, the DSL model predictions will be used in the estimation of the heat of 

adsorption as will be explained in the next section. 

1.3.5 Isosteric heat of adsorption 

The isosteric heat of adsorption (Qst) represents the binding energy and the strength of the 

interaction between the adsorbate gas molecule and the solid surface at different surface 

loadings. To understand the impacts of ILs impregnation on the CO2 capture performance, 

and to explain the observed increase in CO2 uptake for the impregnated samples, Qst values 

of the bare ZIF-8 and the impregnated samples were calculated using the classical 

Clausius–Clapeyron (Equation 3.7), based on DSL fitting of the isotherm data.  

          Qst = R [
∂Ln P

∂(
1

T
)

]
qe

                                                         (3.7) 

In this equation, T is the absolute temperature (K) and R is the universal gas constant (8.314 

J/mol·K). Qst values were calculated according to Equation 3.7 based on the slopes of Ln 

(P) versus 1/T at constant CO2 loading as shown in Figures A.8 and A.9 for 

[Bmim][Ac]@ZIF and [Emim][Ac]@ZIF, respectively. 
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Figure 0.15 and Figure 0.16 display the Qst values at different CO2 loadings for 

[Bmim][Ac]@ZIF and [Emim][Ac]@ZIF composites, respectively. The pristine ZIF-8 

sample showed a value about (17 to18) kJ/mol which was in line with previously reported 

results [32], confirming the physical nature of the interaction between CO2 and ZIF-8 

framework. The incorporation of the acetate based ILs into the ZIF-8 framework 

significantly increased the values of Qst especially at low CO2 loadings due to the fast 

reaction of CO2 with the impregnated [Bmim][Ac] and [Emim][Ac] ionic liquids. This 

sharp increase in Qst with increasing IL loading could be attributed to the observed increase 

in CO2 uptake at low pressures (0.1 to 0.3 bar) which led to the release of high amount of 

heat during the adsorption process. Peak values for Qst at different IL loadings were 

observed to occur at values of CO2 loadings corresponding to the initial CO2 uptake in the 

low-pressure region (0 to 0.1 bar). For instance, [Bmim][Ac]@ZIF-10% has shown a Qst 

value of 40 kJ/mol at a CO2 loading of 0.08 mmol/g which by the isotherm data (Figure 

0.4), this represents the low-pressure CO2 uptake. Furthermore, the large difference in CO2 

uptake between ZIF-8 and the impregnated sample in the low-pressure region indicates that 

any observed CO2 uptake in this low-pressure zone is attributed to CO2 absorption in the 

IL. It can therefore be concluded that there are two distinct adsorption sites present in the 

impregnated samples which possess varying adsorption energies leading to two adsorption 

mechanisms taking place in different pressure ranges. In the low-pressure region (0 to 0.1 

bar), the CO2 uptake is mainly controlled by the IL loading, whereas at high pressure 

values, the available surface area of ZIF-8 becomes the main factor determining the extent 

of CO2 uptake. This was reflected by the high values of the exponential order m obtained 

from Freundlich model for the impregnated samples, which could be considered as a 
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measure of the degree of surface heterogeneity. It is worth noting that, in order to obtain a 

more accurate prediction of Qst values, more experimental data are needed in the low-

pressure region (0 to 0.1 bar) in order to obtain the actual isotherm profile in this low-

pressure range.    

 

Figure 0.15 Isosteric heats of adsorption (Qst) of [Bmim][Ac]@ZIF-8 samples at different IL loadings. 

 

Figure 0.16 Isosteric heats of adsorption (Qst) of [Emim][Ac]@ZIF-8 samples at different IL loadings. 
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One of the main challenge for the calculations of Qst values using the Clausius–Clapeyron 

equation is that it depends on the isotherm model used in fitting the experimental CO2 

uptake. McDonald et al. [44], in their study for the modification of M2(dobpdc) [M = Zn 

(1), Mg (2); dobpdc4 = 4,4′-Dioxido-3,3′ biphenyldicarboxylate] using N,n′-

dimethylethylenediamine (mmen), reported a sharp increase in CO2 uptake in the low-

pressure region similar to trends observed in the present study (Figure 0.4 and Figure 0.5). 

The difficulty to model their experimental isotherm data with one model over the entire 

range of conditions imposed the splitting the data into low- and high-pressure regions. The 

plot of Qst versus CO2 loading exhibited a similar trend to what is reported in this study 

where low Qst values were recorded at low CO2 loadings before reaching a maximum 

plateau at higher loadings.   

Chatti et al. [45] proposed that the impregnation of an amine on porous materials could be 

viewed as solvents confined inside the pores, therefore ultimately the interaction between 

CO2 and the impregnated amines are the same as what occurs in liquid amine systems. 

Adopting the same analogy, we could postulate that in our case there is carboxylate 

formation resulting from the interaction of the electrophilic carbon on the CO2 with the 

basic carbonyl group on the acetate anion.  
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1.4 Conclusions 

 In this study, we report on the synthesis, characterizations, and sorption performance of 

two acetate-based ILs confined within the internal pores of a ZIF-8 framework. The effects 

of the [Bmim][Ac] and [Emim][Ac] loadings on the structure, thermal stability, porosity, 

and CO2 capture performance were investigated. Several characterization techniques were 

used to gain insights into the physicochemical properties of the impregnated samples. XRD 

diffractograms revealed that the crystal structure of ZIF-8 framework remained intact after 

the impregnation of the ILs, with only partial loss of crystallinity due to the solvent effects. 

Furthermore, TGA thermograms indicated that the decomposition mechanism of the 

impregnated samples was different from what is expected by the combination of the two 

individual constituents. This suggests the presence of a chemical interaction between the 

confined ILs and the internal surface of the ZIF-8 framework. IR bands corresponding to 

pure ILs were observed on the composite materials which further confirms the successful 

impregnation process. Further to this, the total surface area and pore volume of the 

composite sorbents have considerably decreased indicating that the ILs were favorably 

confined within the internal pores of ZIF-8 rather than on the external surface area. The N2 

adsorption isotherm at 77 K provided evidence for the reduction of mesopore sizes induced 

by the confinement of the ILs inside the Sodalite (SOD) cages of ZIF-8. The effects of IL 

impregnation on the CO2 uptake, CO2/N2 selectivity, and on the heat of adsorption were 

evaluated using the gravimetric adsorption method. An enhancement of more than 7 times 

in CO2 capacity (0.8 mmol/g) was achieved for [Bmim][Ac]@ZIF-30 at 303.15 K and 0.1 

bar, whereas the highest selectivity was recorded for [Emim][Ac]@ZIF-30 at 323.15 K and 

0.1 bar reaching 18 times the value for pristine ZIF-8. These improvements in both CO2 
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capacity and the adsorption selectivity were attributed to the chemisorption interaction 

between CO2 and the carbonyl group on the ILs as confirmed by the Qst values. This work, 

reports for the first time, the introduction of chemical functionality to the robust ZIF-8 

framework using non-amino moieties that led to a large increase in CO2 adsorption capacity 

and selectivity. The significance of these findings is that it could be envisaged as a way to 

overcome the drawbacks of using pure ILs in CO2 separation, and provide a potential 

alternative for amino groups in modifying solid sorbents. Future studies are required to 

further investigate the performance of the composite sorbents in fixe bed absorbers and to 

evaluate the stability of the composites under real flue gas conditions.  
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Abstract 

CO2 capture performance of two imidazolium-based ionic liquids 1-Butyl-3-

methylimidazolium Acetate [BMIM][Ac] and 1-propyl-3-methylimidazolium bis(trifluoro 

-methylsulfonyl)imide [PMIM][Tf2N] supported on a commercial Cu-BTC metal organic 

framework (HKUST-1) was investigated. The thermogravimetric analysis (TGA) was 

employed to analyse the impacts of ILs impregnation on the thermal stability of the 

composites. Furthermore, other characterization techniques such as powder X-ray 

diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) were used to confirm 

the successful incorporation of the ILs within the cages of HKUST-1. The as-synthesized 

ILs@HKUST-1 composites exhibited a stable crystal structure after the encapsulation of 

the ILs indicating that the structural features of the HKUST-1 support were retained and 

not impacted by the presence of ILs inside the pores. Moreover, the BET surface area and 

total pore volume of the ILs@HKUST-1 composites decreased considerably with the 
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increase in IL loading in the composite which suggests the efficient incorporation of the 

ILs into the porous surface of the HKUST-1 support. Remarkably, the composite sorbent 

prepared with 5 wt.% [bmim][Ac] exhibited the highest CO2 capacity in the low pressure 

region with almost double that of the pristine HKUST-1 at 303 K and 0.15 bar. On the 

other hand, the introduction of [pmim][Tf2N] into the pores of HKUST-1 did not show any 

enhancement in the CO2 uptake at all IL loadings. The samples also displayed a fast 

adsorption kinetics and a stable adsorption-regeneration performance up to ten cycles. The 

developed IL@HKUST-1 composites provide a great opportunity to design sorbent 

materials with excellent merits for potential industrial gas separation applications. 

KEYWORDS: Metal organic framework, ionic liquid, impregnation, CO2 capture 

 

1.6 Introduction 

The continuously rising concentrations of carbon dioxide (CO2) have shown dramatic 

impacts on the environment as a major greenhouse gas, resulting in global temperature 

increase and climate change [1, 2]. Fossil fuel based power generation represents the main 

single point source of CO2 emission to the atmosphere and is projected to further increase 

in future due to the high energy demand [3]. CO2 is considered the major culprit to global 

warming with significant environmental impacts causing prominent ecosystem changes 

[4]. Therefore, reducing the emissions of CO2 received worldwide attention with 

technologies used in natural gas purification and CO2 mitigation in power plants [5, 6]. To 

date, various separation technologies have been explored for CO2 separation from flue gas 

including absorption in alkanolamines, membrane separation, and adsorption processes. 
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Current technologies employ chemical absorption in aqueous amines, however, 

alkanolamines have many disadvantages such as equipment corrosion, high energy 

requirement for regeneration, and amines degradation [5]. Ionic liquids (ILs) which are 

liquid salts composed of organic cations and anions counterparts, were introduced as 

promising alternatives to amines owing to their superior thermal and chemical stability, 

biodegradability, low volatility, and the flexible design and functionality [7]. The major 

drawbacks for ILs is their high viscosity especially after CO2 absorption, high synthesis 

cost, and slow kinetics [8].  

The high energy penalty of amine based CO2 separation process has driven the continuous 

research into alternative processes with reduced energy requirements such as the 

pressure/vacuum swing adsorption and the temperature swing adsorption processes. These 

adsorption-based CO2 capture schemes require solid sorbents with high CO2 capacity and 

low regeneration temperatures to lower energy consumption. Solid porous materials such 

as activated carbons, zeolites, porous silica, and metal organic frameworks (MOFs) have 

the potential for cheap and energy-efficient CO2 separation [9]. Nevertheless, the low CO2 

capacity, low selectivity, and the operational challenges of batch adsorption processes are 

considered as major challenges for practical industrial CO2 capture [10]. Furthermore, the 

high enthalpy of CO2 adsorption when deploying amine-modified sorbents has led to 

relatively higher regeneration temperatures, which highlights the importance of sorbents 

development to enhance the affinity of the surface toward CO2 while maintain a lower 

regeneration energy. Thus, preparing new solid sorbents with efficient CO2 capture ability 

and mild regeneration conditions is a great challenge prompting the fabrication of novel 

functional materials. One of the strategies developed to improve the gas separation 
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performance of porous solid sorbents is the incorporation of various functional groups into 

their porous structures. For instance, the immobilization of amine-based molecules into 

porous solid supports to induce acid-base interaction with CO2 has drawn greater attention 

as an effective approach to improve the CO2 capacity and the separation selectivity [11-

13]. Nevertheless, to overcome the amines degradation and evaporation issue in amine-

modified solids [14], ILs immobilization also called supported ionic liquids (SILs) has 

emerged as viable means to enhance the CO2 capture characteristics of porous materials 

[15]. In comparison to the pure ILs, SILs offer the additional features that they can be 

utilized in adsorption processes and in relatively smaller quantities than the absorption in 

pure ILs [15]. A wide range of solid supports were used for the immobilization of ILs 

comprising zeolites [16], ordered mesoporous silica [17], inorganic nanosheets [18], and 

MOFs [19]. Generally, SILs are composite materials composed of a guest molecule (i.e 

ILs) and a host material which interact at the molecular level to generate certain distinctive 

characteristics arising from the two constituents and their interactions. Compared with 

other traditional porous supports, MOFs offer a high porosity, and easy tailoring of their 

chemical composition and functionalities via reticular synthesis [20]. In this context, the 

hybrid composites of ILs supported MOFs (IL@MOF) can show a promising potential in 

various applications including CO2 capture. In our previous review article we have 

discussed in detail the advances achieved in the field of IL@MOF composites from 

computational and experimental perspectives [9] followed by similar recent reviews to 

recapitulate the fast growing interest in this field [21, 22]. The positive impact of IL 

incorporation into the porous structures of MOFs has been proven to be effective according 

to previous computational investigations [23, 24]. Chen and coworkers have successfully 
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introduced 1-n-butyl-3- methylimidazolium hexafluorophosphate [BMIM][PF6] into the 

cubic pores of IRMOF-1using molecular dynamics and Monte Carlo simulation techniques 

[25]. The long chain [BMIM] cation were preferentially located inside the larger pores 

whereas the small [PF6] anions tends to attach to the metal cluster corner and has higher 

interactions with IRMOF-1. The CO2/N2 selectivity of the [BMIM][PF6]@IRMOF-1 

composites was higher than that of the pristine IRMOF-1 especially at low pressures due 

to the higher affinity of the [PF6] anion toward CO2. In a similar work, Xue et al. studied 

the behavior of 1-n-butyl-3-methy limidazolium thiocyanate [BMIM][SCN] immobilized 

into a diverse series of MOFs to understand its interactions with CO2/N2 and CO2/CH4 gas 

mixtures using molecular simulations [24]. It was concluded that the degree of IL 

dispersion inside the MOF pores can be significantly impacted by the Coulomb interactions 

and the topological features of the MOF supports. Their findings also showed that less IL 

aggregation and high IL dispersion was observed in MOFs with 3D porous structures, and 

hence better gas separation performance was realized for these materials (i.e ZIF-8). 

According to a study conducted by Ban et al. [26] the CO2 capacity of 

[BMIM][Tf2N]@ZIF-8 composite was higher than the bare ZIF-8 support especially in the 

low pressure region (less than 1 bar), which was ascribed to the presence of the 

[BMIM][Tf2N] with high CO2 solubility. The high IL dispersion was attributed to the use 

of ionothermal synthesis approach in which [BMIM][Tf2N] was added to the ZIF-8 

precursor solution prior to the crystallization step. In our recent study, we have successfully 

impregnated 1-Butyl-3-methylimidazolium Acetate [BMIM][Ac] and 1-Ethyl-3-

methylimidazolium Acetate [EMIM][Ac] into a commercial ZIF-8 material using incipient 

wetness impregnation technique [27]. An increase of 700% in CO2 capacity was recorded 
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for the [BMIM][Ac]@ZIF-8 sample with 30wt.% IL loading at 0.2 bar and 303 K. The use 

of Cu-BTC (HKUST-1) as a candidate support for IL immobilization was firstly studied 

using molecular simulations using [EMIM] cation and five different anions 

bis[(trifluoromethyl)-sulfonyl]imide [Tf2N], thiocyanate [SCN], nitrate [NO3], 

tetrafluoroborate [BF4], and hexafluorophosphate [PF6] [28]. All the IL@Cu-BTC 

composites has shown higher isosteric heat of adsorption compared to Cu-BTC, while the 

adsorption selectivity of CO2 was favored over N2 and CH4 which was later confirmed 

experimentally [29]. However it is worthy to mention that CO2 uptake of the IL@Cu-BTC 

composites did not exceed that of the pure Cu-BTC. Therefore, further research is still 

required to systematically investigate the impacts of different parameters on the CO2 

capture performance of IL@Cu-BTC composites. In this work, We attempt to elucidate the 

difference between the incorporation of a physical IL ([PMIM][Tf2N]) versus a chemical 

IL ([BMIM][Ac]) into a Cu-BTC porous structure and evaluate their CO2 separation 

characteristics. Moreover, the effects of the IL loading is considered to establish the 

optimum concentrations of ILs inside the Cu-BTC framework. The synthesis work, 

characterizations, and CO2 capture performance of two IL@MOF composites using 1-

Butyl-3-methylimidazolium Acetate [BMIM][Ac] and 1-propyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide [PMIM][Tf2N] supported on a commercial HKUST-1 

material.  

1.7 Materials and Experimental Work 

1.7.1 Materials 

Acetone (≥99.99 wt.%), [BMIM][Ac]  (assay ≥95 wt.%), [PMIM][Tf2N] (assay of 

$98.0%) and HKUST-1 under the commercial name Basolite C00, were purchased from 
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Sigma Aldrich. The ILs were used without any prior treatment, however HKUST-1 was 

heated under vacuum at 100 oC overnight inside a glovebox (CleaTech LLC) filled with 

Argon gas to remove moisture and volatile impurities. All chemicals were stored in a 

glovebox with circulating Argon gas over a molecular sieve desiccant (3A, 4-8 mesh, 

Sigma Aldrich Canada) to remove any moisture. All gases used in this study (CO2, N2, and 

Ar) were ultra-high purity gases (99.999 wt. %), and were purchased from Praxair Inc. 

Canada. 

1.7.2 Sample Preparation 

The IL@HKUST-1 samples were prepared using the incipient wetness technique for 

impregnation. The specified amount of IL was weighed out in a scintillation vial. Then 3 

mL of acetone was added to the specified amount of IL, and the vial was gently mixed until 

the mixture is homogenized. The total amount of IL used for the impregnation varied 

depending on the targeted loading of IL desired in the resulting composite. The solution 

was added dropwise to the pre-weighted HKUST-1 material, and the composite was dried 

at 75 °C overnight to remove any remaining acetone. All impregnated samples were stored 

in a desiccator inside a glovebox filled with Argon. Three samples were prepared following 

the above procedure for each IL and are designated as [BMIM][Ac]@HKUST-X% and 

[PMIM][Tf2N]@HKUST-X% where X is the weight % of the IL in the composite (X = 

5wt.%, 10wt.%, or 20wt.%). 
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1.7.3 Characterization 

1.7.3.1 Thermogravimetric analysis (TGA) 

TGA experiment was carried out for all the samples using a Shimadzu (TGA-50) 

instrument connected to a flow controller (FC-60A). Approximately 20 mg of sample was 

placed in a platinum pan and the sample temperature was increased from room temperature 

to 1073 K at a ramping rate of 10 K/min under a continuous N2 flow of 50 mL/min. The 

weight loss % versus temperature profile was then generated from the raw weight-time-

temperature data. The Cyclic adsorption/regeneration experiments were also performed 

using the Shimadzu (TGA-50) analyzer at atmospheric condition and 303 K. The sample 

was weighted in a platinum pan and was then subjected to a ramping temperature program 

at a rate of 10 K/min to 373 K under 50 mL/min nitrogen flow, and was held constant for 

2 hours to remove the remaining solvent and any previously adsorbed gases. Afterwards, 

the temperature was brought down to the chosen adsorption temperature (i.e 303 K). Once 

the sample temperature became stable at 303 K for half an hour, the gas was switched from 

N2 to CO2 at a flowrate of 50 mL/min for 1 hour to start the adsorption process. After the 

adsorption step, the sample regeneration was performed by heating at 373 K under N2 flow 

for 2 hours. The adsorption/desorption cycles were repeated up to 10 cycles and the weight 

versus time data were recorded. The quantity of the adsorbed and desorbed CO2 (mmol/g) 

was then calculated based on Equation 4.1 below: 

CO2Uptake =
wt(mg)−wt=0(mg)

44∗wt=0(mg)
∗ 1000                (4.1) 

where wt=0 and wt are the initial weight of the sample and the equilibrium weight, 

respectively. 
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1.7.3.2 Powder X-Ray Diffraction (XRD) 

XRD patterns of the samples were obtained using a D8 Discover diffractometer (Bruker 

AXS, USA) with GADDS 2D detector equipped with Ni-filtered Cu-Kα radiation source 

(λ = 0.154056 nm) at 40 mA and 40 KV. The Bruker D8 has a conventional 1.6 kW sealed 

X-ray tube source is equipped with a 2D detector that allows a large range of diffraction 

space to be detected simultaneously. The incident-beam collimator was of a pinhole type 

that can collimate the X-ray beam to a point of 0.8 to 0.05 mm diameter. The sample stage 

is a Eularian cradle that permits rotation of samples during the scans, in addition to x, y 

and z stages that can be controlled to choose a particular area for analysis with the aid of a 

camera and a laser for beam alignment. The diffraction patterns were measured in a range 

of diffraction angles (2θ) of 2.0° to 50° with a step size of 0.05° and a scan speed of 1 

second/step was applied to collect the intensity data. 

1.7.3.3 Fourier transform infrared spectroscopy (FTIR) 

FTIR measurements were recorded on a Fourier transform infrared spectrometer (Bruker, 

Equinox 55) equipped with an attenuated total reflection (ATR) cell and a room-

temperature detector. The data were collected in the spectral region from 4000 cm−1 to 400 

cm−1 with 4 cm−1 resolution. Approximately 10 mg sample was placed on the ATR cell 

which was thoroughly cleaned with acetone prior to each measurement. 

1.7.3.4 Measurement of the Brunatuer–Emmett–Teller (BET) surface area 

BET analysis was performed using a Micromeritics ASAP2020 physisorption analyzer. 

Prior to N2 adsorption, about 100 mg samples were outgassed at /=373 K for 4 hours under 

vacuum. After activation, the sample was cooled down to 77 K using liquid nitrogen and 
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the volumetric N2 adsorption isotherm was measured between 10−6 and 1 bar. Part of the 

N2 adsorption branch in the relative pressure (P/Po) region from 0.05 to 0.3 was fitted to 

the BET and Langmuir correlations to estimate the specific surface areas of the samples. 

Pore volumes and average pore width of the samples were obtained from the N2 adsorption 

isotherms at 77 K using the Barrett- Joyner- Halenda (BJH) method with Halsey-Faas 

correction available with the associated software. 

1.7.4 CO2 adsorption kinetics modeling 

Understanding the adsorption kinetics is of paramount importance for the design of 

adsorption process and to quantify the adsorption mechanism. Several kinetic models have 

been reported in literature to describe the CO2 capture process including the pseudo-first 

order (equation 4.2) and pseudo-second order (equation 4.3) models.  

𝒒 = 𝒒𝒔 (𝟏 − 𝒆𝒙𝒑−𝒌𝟏 𝒕)                                 (4.2) 

𝑞 = 𝑞𝑠  (1 −
1

1+𝑞𝑠 𝑘2 𝑡
)                                 (4.3) 

Another model that has been originally introduced to model crystallization kinetics and has 

been recently used for CO2 capture on amine-modified sorbents [30] is Avrami’s model as 

described in equation 4.4 below: 

𝑞 = 𝑞𝑠 (1 − 𝑒𝑥𝑝−(𝑘𝐴 𝑡)𝑛𝐴 )                          (4.4) 

where qs and q are the CO2 adsorption uptakes (wt.%) at equilibrium and at time t (min) 

respectively. While k1, k2, kA, and nA are the rate constants for each corresponding models. 

To quantify the goodness of the fitting, the coefficient of correlation (R2) for each model 

was calculated according to equation 4.5, where n is the number of experimental data, p is 
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the number of parameters, qexp and qmodel are the experimental and measured CO2 uptake 

(wt.%). 

𝑅2 = 1 − [
∑ (𝑞𝑒𝑥𝑝−𝑞𝑚𝑜𝑑𝑒𝑙)

2𝑛
𝑖=1

∑ (𝑞𝑒𝑥𝑝−𝑞𝑚𝑜𝑑𝑒𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )
2𝑛

𝑖=1

] [
𝑛−1

𝑛−𝑝
]                          (4.5) 

1.7.5 Adsorption Isotherms 

The isotherm measurements were carried out using the Intelligent Gravimetric Analyzer 

(IGA) supplied by Hiden Analytical Ltd. The IGA instrument allows the adsorption 

isotherm and the corresponding kinetics of adsorption at each pressure step to be 

determined. The isotherms were recorded at three different temperatures (303.15, 313.15, 

and 323.15) K. The IGA consists of a fully automated microbalance which automatically 

records the weight of the sample as a function of time under controlled temperature and 

pressure up to 20 bar. The microbalance possess a stability of 1 µg with a weighing 

resolution of 0.1 µg. The precision of the set-point regulation is 0.02% of the range used. 

The sample temperature is measured at about 5 mm from the sample and was controlled to 

0.1 K using a water bath (Polyscience). 

In a typical experiment, the sample (about 80 mg) was loaded in a sample bucket and 

outgassed at 353 K and 10-5 Pa using a diaphragm pump and a turbo pump (Pfeiffer) to 

remove all traces of moisture, and the pre-adsorbed gases until a constant weight is reached 

prior to measurement of the isotherms. The pressure and temperature were then set to the 

desired values using IGASwin software, and the weight uptake measured in real time under 

isothermal conditions until equilibrium was attained. The approach to equilibrium was 

monitored and a built in algorithm was used to record the equilibrium uptake when 

reaching 99% gas uptake. Once equilibrium is reached at each pressure point, the system 
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automatically increases the pressure to the next set point and the weight versus time is 

monitored. This process was performed for a set of pressure points between high vacuum 

to 10 bar to construct the adsorption isotherms. The isotherms were typically repeatable to 

better than 1% deviation. 

1.8 Results and Discussions 

1.8.1 Characterization of the IL@HKUST-1 Sorbents 

The successful impregnation of [bmim][Ac] and [pmim][Tf2N] inside the pores of 

HKUST-1 framework was confirmed using TGA thermograms as shown in Figure 0.1 (a) 

and (b). The sole [bmim][Ac] has shown a stable profile until a sharp decomposition 

occurred between 353 K and 333 K whereas, [pmim][Tf2N] was more stable than 

[bmim][Ac] with a decomposition temperature between 323 K and 532 K . These results 

were in agreement with previous findings which concluded that the thermal stability of ILs 

is strongly dependent on the type of anion used with little influence of the cation [31]. The 

cleavage of N-C bond is considered as the main mechanism for ILs decomposition while 

the superior stability of [pmim][Tf2N] over [bmim][Ac] is mostly ascribed to the higher 

acidity of the [bmim][Ac] ionic liquid [32]. The unmodified HKUST-1 has shown a 

decomposition profile typical to what was observed in previous studies with an initial 10 

wt. % loss up to 373 K attributed to the evaporation of the coordinatively attached water 

molecules and the other guest gases. Another major weight loss occurring at 573 K is 

attributed to the complete collapse of the HKUST-1 framework [33].  However, the 

[bmim][Ac]@HKUST-1 samples (Figure 0.1-a) have shown an extra 10 wt.% loss 

compared to HKUST-1 at about 373 Kto 473 K probably due to the evaporation of water 

and the remaining acetone solvent that was trapped either on the external surface of 
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HKUST-1 pores or were adsorbed inside the pores during the impregnation process. The 

major loss for the impregnated [bmim][Ac]@HKUST-1 samples occurring at around503 

K could be assigned to the loss of the immobilized [bmim][Ac]. The small differences 

between the thermograms of the [bmim][Ac]@HKUST-1 with different loadings could be 

ascribed to the different exposure times to moisture during the synthesis steps. On the other 

hand, as demonstrated in Figure 0.1 (b) the [pmim][Tf2N]@HKUST-1 samples has 

displayed a higher weight loss at around 473 K to 25 523K compared to the pristine 

HKUST-1.  A decomposition profile starting at around 523 K to 673 K could be assigned 

to the loss of the poorly attached [pmim][Tf2N] from the external and internal pores of 

HKUST-1. Overall, the IL-impregnated samples displayed higher weight loss compared to 

the bare HKUST-1 at 1073 K suggesting the presence of IL in the composites materials. 

Similar results were obtained for the case of amino-functionalized basic ILs incorporated 

into HKUST-1 frameworks [34]. To further investigate the thermal stability of the IL-

impregnated sorbents, the derivative weight loss profiles of [bmim][Ac]@HKUST-1 and 

[pmim][Tf2N] @HKUST-1 composites is shown in Figure 0.2 (a) and (b) respectively. A 

major peak is observed for the decomposition of [bmim][Ac] at around 513 K and the sharp 

peak at 573 Kis noted as the major decomposition temperature of HKUST-1. Furthermore, 

the [bmim][Ac]@HKUST-5% sample has shown a major weight loss at around 513 K 

identical to the pure [bmim][Ac] whereas, the decomposition of the IL in the case of 

[bmim][Ac]@HKUST-10% and [bmim][Ac]@HKUST-20% occurred at 523 K and  533 

respectively. This implies that the incorporation of [bmim][Ac] into HKUST-1 cavity has 

a positive impact on its thermal stability dictating that [bmim][Ac] decomposes at 

relatively higher temperature when restricted into the pores of HKUST-1 than the un-
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immobilized [bmim][Ac]. Similar observation was recorded for the case of ILs 

impregnated on MIL-101 [35] and HKUST-1 materials [33]. The improved stability with 

the IL loading could be attributed to the confinement effect of the HKUST-1 structure on 

the impregnated IL indicating that a relatively higher temperature is required to disrupt the 

interaction forces between IL and the MOF structure before the evaporation of the IL.  

On the other hand, as can be seen in Figure 0.2 (b), the incorporation of [pmim][Tf2N] into 

HKUST-1 framework has shown that [pmim][Tf2N] completely decomposed at around 

703 K, however the impregnated samples did not show any weight loss around the 

decomposition temperature of [pmim][Tf2N] as would be expected. Moreover, the 

decomposition of HKUST-1 framework in the impregnated samples has started at a lower 

temperature than the pristine HKUST-1, which implies that unlike [bmim][Ac], the 

[pmim][Tf2N] reduces the stability of the composite material. Sezginel and coworkers [29] 

have reported similar trend for the case of [bmim][BF4]@Cu-BTC where the 

decomposition temperature was successively reduced as the [bmim][BF4] loading 

increased in the composite. Further investigation is required to understand the impacts of 

different ILs on the thermal stability of IL@MOF composites especially for MOFs with 

open metal sites such as HKUST-1. 
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Figure 0.1 TGA thermograms of [Bmim][Ac]@HKUST-1 (a) and [pmim][Tf2N]@HKUST-1 (b) prepared at 

different IL loadings, shown along with the pristine HKUST-1 material 

 

Figure 0.2 Dynamic weight loss derivatives (DTG) curves of [Bmim][Ac]@HKUST-1 (a) and 

[pmim][Tf2N]@HKUST-1 (b) 

The intrinsic crystal structure of the IL@MOF samples was confirmed using XRD patterns 

as shown in Figure 0.3 (a) for [Bmim][Ac]@HKUST-1 and Figure 0.3 (b) for 

[pmim][Tf2N]@ HKUST-1. All the impregnated samples have shown the main diffraction 

peaks as the pristine HKUST-1, which reveals that the crystalline structure of HKUST-1 

has remained intact after the immobilization of the ILs into the porous material. We have 

reported similar observation in our previous work for the case of acetate-based ILs 

impregnated into ZIF-8 materials [27]. A slight variation in the Bragg intensities were 

observed indicating a change in the charge distribution (electron density) due to the 
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incorporation of the ILs into HKUST-1 [33, 36]. However, this could also be ascribed to 

possible changes in the crystallite size and morphology during the synthesis of the 

composites [37, 38]. Moreover, a recent study has concluded that the IL impregnation is a 

reversible process and that the confined IL could be removed from the pores of HKUST-1 

by deploying solvents such as methanol [39]. 

 

Figure 0.3 XRD pattern of HKUST-1 and the [Bmim][Ac]@HKUST-1 (a) and [pmim][ Tf2N]@HKUST-1 (b) 

sorbents 

The parent HKUST-1 and [bmim][Ac]@HKUST-1 samples with different loadings were 

tested by N2 adsorption experiments at 77 K to measure their textural properties (Table 

0.1). The results also dictate that the microporous nature of the HKUST-1 solid was 

maintained after the impregnation of ILs into its pores. It can be concluded that the bare 

HKUST-1 displayed the highest porosity compared to the immobilized counterparts, which 

demonstrated a significant reduction in BET surface area by 34%, 50%, and 60% for 

[bmim][Ac]@HKUST-5%, [bmim][Ac]@HKUST-10%, and [bmim][Ac]@HKUST-20% 

respectively suggesting the encapsulation of the [bmim][Ac] inside the pores of HKUST-

1. A correlation to accurately predict the BET surface area and pore volume with the IL 

loading is developed (Figure B.1, Supporting Information). Similar observation was 
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reported for amines impregnated solids [12] and other IL@MOF composites [27]. The N2 

uptake in the low pressure region was reduced with increasing the IL loading in the 

composite indicating that the [bmim][Ac] had been preferentially adsorbed into the 

micropores of HKUST-1. Furthermore, the total pore volume has also decreased with 

increasing the IL loading in the composite sorbent following a similar reduction rate as in 

the BET surface area. This is indicative of the insertion of [bmim][Ac] inside the pores of 

HKUST-1 rather than on the external surface supporting previous outcomes for the case of 

[bmim][Ac]@MIL-101 samples [35]. The N2 adsorption isotherm of HKUST-1 material 

exhibited type I isotherm which is typical for microporous materials. On the other hand, all 

[bmim][Ac]@HKUST-1 samples exhibited type-I/IV mixed isotherm with H2 hysteresis 

loop as shown in Figure 0.4, which is indicative of existing microporous and mesoporous 

structures. The formation of mesoporosity in similar IL@MOF composites was ascribed to 

the stacking of small nanoparticles [33], however the preferential attachment of the ILs 

close to the interior surface of the HKUST-1 pores can also be responsible for the creation 

of new mesopores due to the confinement effect (see Figure 0.5).  
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Figure 0.4 N2 adsorption-desorption isotherms at 77 K of HKUST-1 and [Bmim][Ac]@HKUST-1 composites 

 

Figure 0.5 Pore Size Distribution of HKUST-1 and [bmim][Ac]@HKUST-1 composites. 
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Table 0.1 Textural properties of [bmim][Ac]@HKUST-1 composites 

Sample name BET 

surface 

area (m2/g) 

Langmuir 

surface area 

(m2/g) 

Total pore 

volume 

(cm3/g) 

Average 

pore width 

(nm) 

HKUST-1 1557.8 2250.2 0.79 2.04 

[bmim][Ac]@HKUST-5 1017.8 1471.1 0.52 2.05 

[bmim][Ac]@HKUST-10 781.0 1130.9 0.42 2.13 

[bmim][Ac]@HKUST-20 631.9 910.8 0.37 2.37 

 

The FTIR spectra of [bmim][Ac]@HKUST-1 and [pmim][Tf2N]@HKUST-1 samples are 

shown in Figure 0.6 and Figure 0.7, respectively. When compared to the pristine HKUST-

1 spectra, the formation of new absorption bands corresponding to the IL was observed for 

all the impregnated samples. As can be seen in Figure 0.6, the IR bands at around 600 cm-

1 and 750 cm-1 are assigned to the C-H bending and rocking vibrations respectively while 

another major peak at around 1643 cm-1 is attributed to the C=N vibrations of the imidazole 

ring of the [bmim][Ac] which was common in all the impregnated samples. Moreover, the 

IR band at 2962 cm-1 and 2875 cm-1 on the impregnated [bmim][Ac]@HKUST-1 

composites are assigned to the asymmetric and symmetric stretching vibrations of the 

aliphatic C-H in the alkyl chain of [bmim] cation. The IR band in the high wave number 

region (3149 cm-1) is assigned to the sp2 C-H stretching vibrations of the imidazole group 

which was also observed in similar composites [33]. Similarly as seen in Figure 0.7, IR 

bands due to the [pmim][Tf2N] were also observed on the impregnated samples such as 
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S=O bending at 1055 cm-1 and C-F stretching vibrations at 1250 cm-1 to 1150 cm-1 [40]. 

The presence of interionic interactions between the ILs and the HKUST-1 framework has 

been recently investigated using vibrational spectroscopy [36]. The study has concluded 

that the anion-Cu interactions impacts the structure of the host MOF material as was 

evident from the changes in the IR vibrational bands. Additionally, the cation of the IL 

interacts with its anion counterpart and the MOF material in different ways due to the 

redistribution of the charge density after the IL impregnation as was observed from the 

XRD patterns (Figure 0.3). These observations indicate that the IL-immobilized HKUST-

1 sorbents are projected to interact differently with CO2 than the bare HKUST-1 leading to 

different adsorption capacities, due to the interactions of the ions and the internal surface 

of the microporous material. Therefore, varying the type and the loading of the impregnated 

IL in the composite sorbents is considered as a viable mean to modify the structure of the 

HKUST-1 framework in order to achieve the highest CO2 uptakes.  

 

Figure 0.6 FTIR spectra of [Bmim][Ac]@HKUST-1 samples in the wave number range from 500 to 4000 cm-1 
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Figure 0.7 FTIR spectra of [pmim][Tf2N]@HKUST-1 samples in the wave number range from 500 to 4000 cm-1 

1.8.2 CO2 Adsorption in IL@HKUST-1 Composites 

The potential application of ILs@HKUST-1 for post-combustion CO2 capture from flue 

gas was examined using the gravimetric approach to quantify the equilibrium adsorption 

isotherms. Single component CO2 adsorption uptake was evaluated at three different 

temperatures (303, 313, and 323K) in the pressure region from 0-10 bar. Figure 0.8 and 

Figure 0.9 show the CO2 isotherms for [bmim][Ac]@HKUST-1 and 

[pmim][Tf2N]@HKUST-1 composites respectively prepared at different IL loadings. As 

demonstrated in Figure 0.8 (a & b), [bmim][Ac]@HKUST-5% exhibited the highest CO2 

capacity compared to the parent HKUST-1 and the other [bmim][Ac] concentrations up to 

1.7 mmol CO2/g at 303 K and 0.15 bar which was double that of HKUST-1 at the same 

conditions. The superior CO2 uptake of [bmim][Ac]@HKUST-5% over all the other 

samples has spanned over the low pressure region (0-1 bar) at the three temperatures 

studied. This could be ascribed to the reduced pore volume and surface area of the 
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composite sorbents which controls the adsorption uptake at high pressures [41]. Moreover, 

the composites prepared at high [bmim][Ac] concentrations showed less CO2 uptake 

compared to the pristine HKUST-1. It is worthy to note that the CO2 uptake has been 

successively reduced upon increasing the [bmim][Ac] loading from 10wt% to 20% at all 

adsorption temperatures. On the other hand, the introduction of [pmim][Tf2N] into the 

pores of HKUST-1 did not show any improvement in the equilibrium CO2 uptake 

throughout the pressure and temperature range studied as was evident from Figure 0.9. The 

improved adsorption capacity of [bmim][Ac]@HKUST-5% could be ascribed to the high 

affinity of the [Ac] anion toward CO2 as was discussed elsewhere [42]. The theoretical 

study by Carvalho et al. [43] has demonstrated that the [Ac] anion acts as a strong Lewis 

base during the interaction with the acid carbon of CO2 leading to an spontaneous 

chemisorption of CO2.  

In order to understand the impact of IL loading, Figure B.2 (Supporting information) 

depicts the different types of cavities and the connecting channels within HKUST-1 crystal 

structure. Calero et al. [44] concluded that due to its small molecular size, CO2 is 

preferentially adsorbed on the small tetrahedral cages denoted as T1 (Figure B.2) while 

larger molecules (such as ILs) are confined into the larger cavities (L2 & L3). Consequently 

upon the introduction of IL into the pores of HKUST-1 structure, the ILs occupies the 

larger cavities creating new adsorption sites for CO2 (CO2 adsorbs on T1 and in the ILs 

confined in L2 & L3), which explains the improved CO2 uptake for [bmim][Ac]@HKUST-

5% over the bare HKUST-1. Furthermore, the improvement in CO2 capacity for 

[bmim][Ac]@HKUST-1 as compared to [pmim][Tf2N] @HKUST-1 could be explained 

by the fact that the [Ac] anion has relatively higher affinity toward CO2 than [Tf2N].  
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Another explanation for the enhanced CO2 uptake by [bmim][Ac]@HKUST-1 as 

compared to [pmim][Tf2N]@HKUST-1 could be interpreted in terms of the anion size 

differences since [Ac] is much smaller than the bulky [Tf2N], it can permit additional 

adsorption sites for CO2 in the large cavities (L2 & L3). Similar outcomes were reported 

using molecular simulations for the case of the small [SCN] anion compared to the other 

bulkier anions ([Tf2N], [PF6], [BF4], and [NO3]) [28].  

 

Figure 0.8 CO2 equilibrium uptake of [Bmim][Ac]@HKUST-1 composites at different temperatures (a & b) 303 

K, (c & d) 313 K, and (e & f) 323K. 
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Figure 0.9 CO2 equilibrium uptake of [pmim][Tf2N]@HKUST-1 composites at different temperatures (a & b) 

303 K, (c & d) 313K, and (e & f) 323K. 

As shown in Figure 0.10, the decreased CO2 uptake upon increasing the IL loading in the 

composite could possibly be attributed to the excessive IL molecules which tends to 

aggregate and cause blockage of the pores, while at low IL loadings (i.e 5wt.%), better 

dispersion of IL is achieved which induces the separation performance of the IL@HKUST-

1 [24]. 
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Figure 0.10 CO2 adsorption capacity as a function of IL loading for [Bmim][Ac]@HKUST-1 (a) and 

[pmim][Tf2N]@HKUST-1 (b) at 0.2 bar and different temperatures 

1.8.3 CO2 Adsorption Kinetics in IL@HKUST-1 Composites 

The obtained adsorption kinetics of the IL@HKUST-1 samples using gravimetric method 

at a pressure of 0.2 bar and different temperatures were fitted using the three kinetic 

equations. The corresponding model predictions are presented in the supplementary 

information (Figures B.3 to B.9). As can be noted from the kinetic plot of the pristine 

HKUST-1 (Figure B.3), the saturation uptake was reached after 8 minutes at 303 K while 

a faster kinetics was observed at higher temperatures. Furthermore, an induction period 

was observed after the initial exposure to CO2 and is more apparent at lower temperatures, 

which indicates that the adsorption rate was higher at elevated temperatures. This 

phenomenon could be explained by the existence of different rate controlling steps at 

different sorption times. Initially, the diffusion of CO2 into the small pores of HKUST-1 

could be dominant, while the sharp uptake at later times could be ascribed to the CO2 

uptake by the open Cu+2 metal sites. This explanation could be further corroborated by the 

fact that the diffusion process increases significantly with temperature due to the increased 

kinetic energies of the molecules leading to shorter induction periods as was observed in 
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Figure B.3. Similar observation was reported for the case of amine impregnated silica [45]. 

On the other hand, a relatively shorter induction period (about 1 minute) were observed for 

the case of [bmim][Ac]@HKUST-5% and a sharper CO2 uptake versus time was recorded, 

which could be due to the presence of the [Ac] anion with high affinity toward CO2. 

Moreover, it is noted that an increase in [bmim][Ac] loading in the composite, has 

prolonged the time required to reach saturation. This could be correlated to the sluggish 

CO2 uptake by the [bmim][Ac] due to the presence of two sorption mechanisms, the 

chemical and physical interactions of CO2 with the [bmim][Ac] ionic liquid. The 

absorption kinetics of CO2 in the liquid [bmim][Ac] was measured to be a slow process 

and takes more than 10 hours to reach 99% of the equilibrium solubility, which explains 

the slower kinetics when increasing the IL loading. Overall, a relatively slower adsorption 

kinetics was observed for [pmim][Tf2N]@HKUST-1 than [bmim][Ac]@HKUST-1 which 

could be attributed to the physical absorption process taking place in [pmim][Tf2N] ionic 

liquid. 

The estimated kinetic parameters are listed in Table 0.2 and Table 0.3 for 

[bmim][Ac]@HKUST-1 and [pmim][Tf2N]@HKUST-1 composites, respectively. The 

three selected kinetic models used in this work have been associated with an adsorption 

mechanism governed by surface reaction as the rate determining step and have been used 

in the past to model adsorption data on polyethylene amine impregnated on structured silica 

supports [45]. According to the R2 values of the three models, the pseudo-first order model 

was found to give the best fit to the experimental data followed by the Avrami model. 

However, by looking at the fitted data (Figures B.3-B.9), it can be clearly noted that Avrami 

model has successfully fitted the initial adsorption data better than the pseudo-first order 
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model which was more accurate to fit the kinetic data near equilibrium. The pseudo-first 

order model overestimated the CO2 uptake below the induction period and has fitted the 

data well beyond that, while the pseudo-second order model has systematically 

overestimated the CO2 uptake values during the initial exposure to CO2 and underestimated 

the data near equilibrium. Similar trends were reported for the case of amine modified 

MCM-41 sorbents [46]. It is also observed that the variation of the Avrami model exponent 

(nA) in the temperature range studied indicates the dependence of CO2 adsorption on both 

the contact time and temperature. Furthermore, the change of the Avrami model parameters 

with the variation of IL loading reflects the occurrence of more than a single adsorption 

mechanism in the composite sorbents similar to previous findings for amine-modified 

layered double hydroxides [47].  
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Table 0.2 Kinetic models parameters isotherm model parameters for HKUST-1 and [bmim][Ac]@HKUST-1 

composites at different IL loadings 

T (oC) sample 1st Order 2nd Order Avrami 

k1 R2 k2 R2 kA nA R2 

303 K 

HKUST-1 0.60 0.997 0.35 0.992 0.70 0.71 0.972 

[bmim][Ac]@HKUST-5% 0.57 0.997 0.32 0.992 0.49 0.95 0.940 

[bmim][Ac]@HKUST-10% 0.59 0.997 0.34 0.992 0.54 0.90 0.996 

[bmim][Ac]@HKUST-20% 0.59 0.996 0.40 0.989 0.56 0.91 0.856 

313 K 

HKUST-1 0.74 0.996 0.60 0.989 0.63 0.99 0.961 

[bmim][Ac]@HKUST-5% 0.74 0.996 0.60 0.989 0.65 0.96 0.978 

[bmim][Ac]@HKUST-10% 0.74 0.996 0.60 0.989 0.63 0.98 0.991 

[bmim][Ac]@HKUST-20% 0.65 0.997 0.64 0.990 0.79 0.74 0.993 

323 K 

HKUST-1 0.79 0.993 0.84 0.983 0.67 1.02 0.960 

[bmim][Ac]@HKUST-5% 0.79 0.993 0.84 0.983 0.67 1.02 0.998 

[bmim][Ac]@HKUST-10% 0.80 0.992 0.86 0.982 0.55 1.26 0.997 

[bmim][Ac]@HKUST-20% 0.69 0.992 0.82 0.982 0.56 1.04 0.984 
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Table 0.3 Kinetic models parameters isotherm model parameters for HKUST-1 and [pmim][Tf2N]@HKUST-1 

composites at different IL loadings 

T (oC) 

 

sample 

 

1st Order 2nd Order Avrami 

k1 R2 k2 R2 kA nA R2 

303 K 

HKUST-1 0.60 0.997 0.35 0.992 0.70 0.71 0.972 

[pmim][Tf2N]@HKUST-5% 0.40 0.997 0.35 0.990 0.28 1.17 0.983 

[pmim][Tf2N]@HKUST-

10% 

0.59 0.995 0.40 0.986 0.32 1.45 0.992 

[pmim][Tf2N]@HKUST-

20% 

0.46 0.997 0.44 0.995 0.63 0.66 0.962 

313 K 

HKUST-1 0.74 0.996 0.60 0.989 0.63 0.99 0.961 

[pmim][Tf2N]@HKUST-5% 0.35 0.997 0.34 0.991 0.25 1.15 0.975 

[pmim][Tf2N]@HKUST-

10% 

0.66 0.996 0.66 0.987 0.39 1.42 0.964 

[pmim][Tf2N]@HKUST-

20% 

0.57 0.994 0.77 0.984 0.29 1.52 0.975 

323 K 

HKUST-1 0.79 0.993 0.84 0.983 0.67 1.02 0.960 

[pmim][Tf2N]@HKUST-5% 0.30 0.997 0.31 0.996 0.29 0.93 0.965 

[pmim][Tf2N]@HKUST-

10% 

0.71 0.989 0.85 0.976 0.25 2.10 0.989 

[pmim][Tf2N]@HKUST-

20% 

0.60 0.994 1.06 0.983 0.29 1.55 0.893 
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The pseudo-first order model can be applied to predict micropore diffusion of CO2 within 

the solid sorbents of known geometry with a reasonable accuracy using equation 4.6 [48] 

𝑘1 = 15
 𝐷𝑠

𝑟𝑝
2                                                   (4.6) 

where Ds is the diffusion coefficient and rp is the radius of the sorbent particle. To confirm 

the accuracy of using pseudo-first order model for estimating the diffusivity, Fickian 

diffusion model (equation 4.7) [49] was also used and compared with predictions of 

equation 4.6. As shown in Table 0.4, close values were obtained using pseudo-first order 

and Fickian models. A comparison between diffusivity values obtained in this work with 

values reported for triamine-grafted MCM-41 (TRI-PE@MCM-41) [46] indicates that 

diffusivities obtained in this work are one order of magnitude less than values reported for 

TRI-PE@MCM-41 while it’s much higher than CO2 diffusivity in the NaY [50]. Moreover, 

the 
 𝐷𝑠

𝑟𝑝
2 values obtained in this work were in the same order of magnitude as the ones 

reported for similar composites of IL@Silica [51]. 

q = qs  (1 −
6

𝜋2
∑ exp∞

𝑛=1 [−𝑛2𝜋2  𝐷𝑠

𝑟𝑝
2 𝑡])     (4.7) 

Since the pseudo-first order model was found to be adequate in correlating the experimental 

adsorption kinetics, the parameters of the Arrhenius type equation were estimated by using 

the values of k1 at different temperatures to evaluate the activation energy Ea and the pre-

exponential factor A0 as depicted in equation 4.8. 

𝑘1 = 𝐴0 exp (
−𝐸𝑎

𝑅 𝑇
)                               (4.8) 
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The linearized form of Arrhenius equation is shown in Figure B.10 and Figure B.11 for 

[bmim][Ac@HKUST-1 and [pmim][Tf2N]@HKUST-1 composites, respectively, both 

show a good fit of the data. This allows for the determination of the adsorption rate constant 

at various temperatures and to estimate the activation energy. However as indicated by 

Sayari et al. [46] and Wang et al. [47] , caution should be taken when using activation 

energies obtained from simplified kinetic models to predict thermodynamic parameters, as 

they might not reflect the overall rate of adsorption in a sense that the rate constant (k1) is 

a lump value that represents multiple adsorption/reaction steps.  

Table 0.4 Comparison between 𝑫𝒔/𝒓𝒑
𝟐

values obtained using pseudo-first order and Fickian models 

Sample 𝑫𝒔/𝒓𝒑
𝟐(1/s) @ 303 K 

from Pseudo-first order 

model 

𝑫𝒔/𝒓𝒑
𝟐(1/s) @ 303 K 

from Fickian model 

HKUST-1 7.4*10-4 8.4*10-4 

[bmim][Ac]@HKUST-5% 7.1*10-4 7.3*10-4 

[bmim][Ac]@HKUST-10% 6.5*10-4 6.7*10-4 

[bmim][Ac]@HKUST-20% 6.1*10-4 7.1*10-4 

[pmim][Tf2N]@HKUST-5% 4.5*10-4 4.6*10-4 

[pmim][Tf2N]@HKUST-10% 6.3*10-4 7.4*10-4 

[pmim][Tf2N]@HKUST-20% 7.5*10-4 9.6*10-4 
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1.8.4 Regenerability test for CO2 adsorption 

Analyzing the long-term adsorption-desorption cyclic performance of solid sorbents is 

crucial to estimate the sorbents lifetime and reusability and consequently the cost. In the 

present study, the adsorption of CO2 was obtained at 303 K using a flow rate of 50 mL/min 

whereas, the regeneration step was conducted by heating the sample to 373 K under pure 

N2 flow. In order to insure the stability of the sample at 303 K, a long-term isothermal 

stability experiment was performed by holding the sample at 303 K for 10 hours as shown 

in Figure B.12. It can be seen that the sample exhibited a good thermal stability at this 

temperature with a weight loss of about 2% which could be attributed to the evaporation 

of the solvent (i.e acetone) and the previously adsorbed gases due to exposure to the 

atmosphere during the synthesis process. The cyclic stability results are shown in Figure 

0.11 for [bmim][Ac]@HKUST-5% which indicate that the CO2 adsorption process was 

fully reversible and that the sample retained its initial CO2 uptake up to 10 consecutive 

cycles. Furthermore, a fast adsorption/regeneration kinetics was observed and was 

consistent for all the repeated cycles 

 

Figure 0.11 Cyclic adsorption-desorption performance of [Bmim][Ac]@HKUST-5% at 1 bar and 303 K showing 

the adsorption/desorption kinetics (a) and the equilibrium CO2 capacity (b) 
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1.8.5 Equilibrium Isotherm Modeling 

Obtaining accurate isotherm models to represent the experimental adsorption data is 

considered an important input in the adsorption process modeling and design [52] . The 

hybrid IL@MOF composite has shown a net CO2 uptake that is attributed to both the IL 

and MOF constituents of the composite and hence the isotherm modeling should represent 

this diversity in terms of the presence of different adsorption sites. The single-component 

CO2 adsorption isotherms were fitted by both the Freundlich and the dual site Langmuir 

(DSL) models as represented by Equations 4.9 and 4.10, respectively. 

qe = K P1/m                                                         (4.9) 

qe =
nAbA P

1+bA P
+

nBbB P

1+bB P
                                             (4.10) 

where, qe is the CO2 uptake (mmol/g) at equilibrium, P is the pressure (bar), K and m are 

the Freundlich isotherm parameters and nA, bA, nB, and bB are the DSL fitting parameters. 

These two isotherm models were chosen to account for the heterogeneity of the adsorption 

surface due to the presence of the ILs inside the pores of the HKUST-1 porous media. The 

Freundlich model is based on the assumption of an exponential distribution of interaction 

forces between the sorbent and the CO2 molecule, whereas the DSL model assumes the 

presence of two distinguished adsorption sites [53] and hence both models are projected to 

accurately correlate the experimental isotherm data in this work. The fitting curves of 

Freundlich model for [bmim][Ac@HKUST-1 and [pmim][Tf2N]@HKUST-1 composites 

are shown in Figures B.13 & B.14 respectively at different IL loadings and various 

temperatures, whereas the estimated parameters are displayed in Tables B.1 & B.2 

respectively. It can be concluded that the model has accurately fitted the experimental CO2 
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uptake data with values of R2 close to unity. It can also be noticed that the Freundlich 

exponent (m) which represents the extent of surface heterogeneity has slightly increased 

with increasing the [pmim][Tf2N] loading whereas, [bmim][Ac]@HKUST-5% sample 

exhibited the highest value for m. This indicates that the impregnation of [pmim][Tf2N] 

into HKUST-1 does not show a noticeable variation in the adsorption energy level of the 

surface while the introduction of the reactive [bmim][Ac] IL into the pores of HKUST-1 

shows almost double the value of m compared to the pristine HKUST-1 dictating the 

formation of a very heterogeneous surface. This could be ascribed to the shape of the 

adsorption isotherm of [bmim][Ac]@HKUST-5% sample which exhibited a sharp increase 

in the low pressure region and remained the uptrend up to 1 bar. Furthermore, the drop in 

the values of K with [pmim][Tf2N] loading in the composite indicated that CO2 adsorption 

in these composites is less favored compared with the bare HKUST-1 sample. Similar 

observations were reported for the case of IL@SiO2 sorbents where longer alkyl chain ILs 

have shown better CO2 uptake as was deduced from the K values of Freundlich model [41]. 

On the other hand, the DSL model parameters obtained using non-linear regression analysis 

are displayed in Table B.13 and the fitting curves for [bmim][Ac]@HKUST-1 composites 

is demonstrated in Figure B.15 which suggest a good correlation to the experimental data. 

The DSL model has shown excellent fitting especially for [bmim][Ac]@HKUST-5% 

sample (Figure B15-b) which has a unique isotherm profile compared to the remaining 

samples. This could be due to the existence of distinguished adsorption sites consisting of 

the reactive [Ac] anion and the Cu+2 sites of the HKUST-1 framework where each site 

correspond to one term in the DSL model (Equation 4.8). Following an approach developed 

by Mason et al. [54] to compute the activation energy for the two adsorption sites using 
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DSL parameters, one can predict an activation values of 6 and 20 kJ/mol for the two 

distinctive adsorption sites of [bmim][Ac]@HKUST-5%. 

1.8.6 Enthalpy of adsorption 

The enthalpy of adsorption is a measure of the strength of interaction between the sorbate 

molecule and the surface of the sorbent material and hence could be used to evaluate the 

molecular-scale interaction strength and the magnitude of the energetic heterogeneity of 

the sorbent material. Therefore, it is considered as an important factor that plays a crucial 

role in the amount of energy required for the adsorbent’s column regeneration. Due to the 

exothermic nature of the adsorption process, the isosteric heat of adsorption (Qst) is a 

negative value that could be estimated from Clausius–Clapeyron equation (Equation 4.11), 

where T is the absolute temperature (K) and R is the universal gas constant (8.314 J/mol·K) 

[54]. 

Qst = R [
∂Ln P

∂(
1

T
)

]
qe

                                                         (4.11) 

 Qst values could be obtained from the slopes of ln(p) vs. 1/T at each CO2 loading. Figure 

0.12 and Figure 0.13 depicts the enthalpy of adsorption versus CO2 loading for 

[bmim][Ac@HKUST-1 and [pmim][Tf2N]@HKUST-1 composites, respectively. As 

evident in Figure 0.12, the Qst value for the pristine HKUST-1 was almost constant at 

around 30 kJ/mol throughout the CO2 uptake values in line with values reported elsewhere 

[55]. Notably, the [bmim][Ac]@HKUST-5% sample displayed a significantly higher 

adsorption enthalpy especially in the low pressure region, showing a value up to 48 kJ/mol 

at a CO2 of loading 1 mmol/g which corresponds to the point of maximum slope of the 

isotherm (as shown in Figure 0.8-b). This could be mainly due to the high solvation 
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enthalpy of the CO2-[Ac] system which releases a large amount of heat through an acid-

base solvation mechanism as <reported in the literature [43]. Using ab initio calculations, 

Carvalho and coworkers [43] estimated the enthalpy of CO2-[Ac] complex formation to be 

around 42 kJ/mol, which explains the spontaneous solubility of CO2 in [bmim][Ac] 

especially at low pressures. On the other hand, the remaining composites have shown 

enthalpy values close to the bare HKUST-1 sample except at low CO2 loadings where 

[pmim][Tf2N]@HKUST-10% and [pmim][Tf2N]@HKUST-20% exhibited higher 

enthalpies than HKUST-1. However, as stated in our previous study for the case of 

IL@ZIF-8 composites [27], more isotherm data are needed in the low pressure range (0-

0.1 bar) in order to improve the predictions of Qst values at lower CO2 loadings which 

corresponds to the reaction zone between CO2 and [Ac] anion. 

 

Figure 0.12 Isosteric heats of adsorption (Qst) of [Bmim][Ac]@HKUST-1 samples at different IL loadings 
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Figure 0.13 Isosteric heats of adsorption (Qst) of [pmim][Tf2N]@HKUST-1 samples at different IL loadings 

1.9 Conclusions 

In order to improve the CO2 uptake of MOFs, in this work we have confined two ILs 

[bmim][Ac] and [pmim][Tf2N] into the pores of HKUST-1 material using a post-synthetic 

modification strategy. The TGA results revealed that the decomposition temperature of the 

composite sorbents has slightly dropped with increased[pmim][Tf2N] loading in the 

composite unlike [bmim][Ac] which showed a relatively improved thermal stability 

indicating the presence of strong interactions between the [bmim][Ac] and the HKUST-1 

framework. Moreover, all the major XRD peaks of the HKUST-1 support were present in 

the IL-modified samples implying that IL encapsulation did not have detrimental effects 

on the structural stability of the HKUST-1 framework. Similarly all the major FTIR bands 

of the ILs were recorded on their respective IL@HKUST-1 counterparts, however future 

efforts utilizing both experimental and theoretical calculations are still required to further 

understand the interactions between the confined ILs and the HKUST-1 support. The BET 
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surface area and pore volume of the final Il@HKUST-1 composites could be systematically 

controlled by varying the IL loading to achieve certain porosity characteristics. Most 

importantly, the equilibrium CO2 uptake was evaluated gravimetrically at three different 

temperatures for the bare HKUST-1 and all the IL-modified sorbents. Previous 

experimental attempts to increase the CO2 capacity of IL@HKUST-1 composites have not 

been very successful since only improvements in the adsorption selectivity were reported 

[29, 56]. However, in this work we demonstrated that the suitable selection of the type of 

the anion, the IL loading, along with the synthesis protocol have a significant role in 

achieving the required enhancement in CO2 capture. Overall, according to the present study 

[bmim][Ac]@HKUST-5% composite could be regarded as a suitable sorbent for CO2 

capture from low concentration applications such as post-combustion capture and CO2 

separation from air. Surprisingly, this sample has shown a fast adsorption kinetics and a 

stable adsorption-desorption performance up to ten cycles with great long-term thermal 

stability. The complete regeneration of the samples was achieved by heating up to 373 K 

to recover the same initial adsorption uptake which implied the absence of IL losses during 

the process.  
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Abstract 

The potential advantage of using supported ionic liquids (SILs) for CO2 capture 

applications has been investigated in this work. The encapsulation of 1-ethyl-3-

methylimidazolium Acetate [emim][Ac] into two voluminous metal-organic frameworks 

(MOF-177 and MIL-101) is evaluated using different synthesis methods. The performance 

of the composite sorbents for CO2 capture has been evaluated using various 

characterization techniques. The successful incorporation of [emim][Ac] into the pores of 

MOF-177 and MIL-101 have been confirmed using thermogravimetric analysis (TGA) and 

Fourier transform infrared spectroscopy (FTIR) results. Furthermore, the porosity of the 

as-synthesized samples using different synthesis methods have been measured using N2 

adsorption experiments to evaluate the changes in the specific surface areas and pore 

volumes upon the introduction of [emim][Ac] to the support materials. A significant 

decrease in the porosity was realized for the [emim][Ac]-confined samples especially when 
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using wet impregnation synthesis method compared to the dry mixing approach. The 

crystal structures of the MOF-177 and MIL-101 were found to be maintained after the 

synthetic steps, with some reductions in the X-ray diffraction (XRD) peak intensities. No 

improvements in the CO2 uptakes could be achieved for the MIL-101 samples using both 

synthesis strategies, whereas the [emim][Ac]@MOF-177 samples prepared using wet 

impregnation method, has shown a remarkable enhancements in the CO2 capacity. 

Moreover, a significant improvements were obtained for the adsorption kinetics in MOF-

177 based samples with less than 1 minute to reach CO2 saturation capacity. The 

[emim][Ac]@MOF-177 samples exhibited a substantially stable cyclic adsorption-

desorption performance up to 10 successive cycles with a considerably fast desorption 

kinetics. 

KEYWORDS: Metal-organic framework, ionic liquids, impregnation, CO2 capture, MIL-

101, MOF-177 

1.11 Introduction 

The rapidly rising concentration of carbon dioxide (CO2) in the atmosphere mainly due to 

the combustion of fossil fuel based energy sources, has resulted in a severe global 

environmental issues such as climate change and ocean acidification [1, 2]. The continuous 

reliance on fossil fuel for energy is projected to further increase the CO2 concentrations 

and consequently causing prominent global warming effects, therefore, moving toward a 

cleaner energy source is very essential. CO2 capture and sequestration (CCS) technologies 

provides means to utilize fossil fuels with minimal impacts on the environment via the 

removal and the permanent storage of CO2 in deep saline aquifers. Therefore, developing 

CCS technologies with energy-efficiency and economic viability has become one of the 
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hot topics and has propelled great research efforts in the past decades [3, 4]. Numerous 

CCS technologies have been investigated to date, including absorption in alkanolamines, 

membrane separation, and adsorption-based technologies. The chemical absorption of CO2 

using alkanolamines has been the most effective CO2 capture process so far, due to the fast 

kinetics and high reactivity of amines in removing CO2 from low concentration gas 

mixtures. Nevertheless, this amine scrubbing process has several drawbacks including the 

high heat duty in the regeneration step, equipment corrosion, and amine degradations [3]. 

On the other hand, adsorption of CO2 into solid materials using pressure swing (PSA) and 

temperature swing (TSA) adsorption provides a relatively lower energy requirement 

compared to amine scrubbing units, however, the slow kinetics, low selectivity, and the 

moderate CO2 capacities of solid sorbents are considered the major challenges for this 

process. in our recent review article, different solid sorbents have been described for the 

adsorption-based separation of CO2 from flue gas such as porous silica sorbents, activated 

carbons, zeolites, and metal-organic frameworks (MOFs) [5]. Recently, MOFs has shown 

great potential as sorbents for CO2 capture applications owing to their exceptionally high 

porosity, ability to introduce chemical functionality, and the possibility to fine-tune their 

structural features using various methods as was described in our previous review article 

[6]. However, the CO2 adsorption capacity of most MOFs is considered low in comparison 

with other sorbents especially the CO2 uptake at low pressures (0.15 bar), a condition 

relevant to post-combustion capture applications. Several attempts to alleviate this problem 

were discussed including the introduction of amine functionalities via ligand 

functionalization approach or by via open metal centers [6]. Other approaches include the 

synthesis of MOFs composites with other sorbents, and the dispersion of MOFs into ionic 
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liquids as hybrid slurry systems for the absorptive-adsorption of CO2. However, the basic 

amine-functionality is considered one of the most investigated routes for the improvement 

of CO2 capture characteristics of sorbent materials [7-9]. The covalent grafting of amine 

groups to the organic ligand of the MOF material was found to only slightly enhance the 

affinity of CO2 compared to grafting amine moieties on the open metal sites mainly due to 

the electron withdrawing effect of the benzene ring [10]. The physical impregnation of a 

series of polyethyleneimine (PEI) into MIL-101 using different PEI loadings was found to 

significantly enhance the CO2 adsorption capacity up to 4.2 mmol/g at 25 oC and 0.15 bar 

[10]. In comparison to PEI-impregnated silica based materials and zeolites, the 

PEI@MOFs composites displayed higher CO2 capacities due to the higher pore volumes 

and surface areas of MOFs compared to silica and zeolites. Nevertheless, these amine-

functionalized MOFs have some intrinsic shortcomings such as solvent loss due to the high 

volatility of amines, degradation, and amine toxicity [11]. Ionic liquids (ILs) are liquid 

salts at room temperature composed of anions and cations are well recognized as green 

solvents for energy related applications. Due to their good chemical/thermal stability, 

negligible vapor pressure, biodegradability and flexible designability, ILs have been 

proposed to replace alkanolamine solvents for the absorption-based CO2 separation [12]. 

Despite the aforementioned features, several hurdles still need to be overcome such as the 

relatively low CO2 solubility compared to alkanolamines, high viscosity, and costly 

synthesis have limited their widespread application [13]. One feasible strategy to utilize 

ILs in CO2 separation, is the incorporation of ILs into other solid sorbents known as 

supported ionic liquids (SILs), as a potential route for the enhancement of CO2 sorption 

ability of solid materials [14]. The support characteristics are reported to significantly 
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impact the overall performance of the SIL sorbents due to the host-guest interactions. 

Different SILs were reported in literature for a variety of applications including catalysis, 

proton conduction, and gas separation. Impregnation of ILs on MOFs has become a hot 

research topic in the recent years due to the excellent features of MOFs as support materials 

due to their accessible large pore volume which allows for the incorporation of ILs with 

different molecular sizes inside their porous structures [6]. In this context, Xue et al. [15] 

investigated the dispersion of 1-n-butyl-3-methy limidazolium thiocyanate [bmim][SCN] 

into different MOFs using molecular dynamics simulations and their effects on CO2/N2 

separation. Their findings indicated that MOFs with 3D pore structures displayed better 

gas separation performances due to the high dispersion of ILs compared to other 2D and 

1D porous MOFs. Following this work, [bmim][SCN] was recently incorporated into 

zeolitic imidazolate framework (ZIF-8) and exhibited more than double CO2/N2 selectivity 

compared to ZIF-8 [16]. In our previous work, we have successfully incorporated 

[bmim][Ac] and [emim][Ac] into ZIF-8 using incipient wetness impregnation method [17]. 

It was concluded that CO2 uptake was 7 times higher when introducing 30 wt% [emim][Ac] 

into the pores of ZIF-8. 

In this work, we aim to study the application of some exceptionally porous MOFs as 

potential supports for the incorporation of ILs. Two MOFs were selected for this purpose, 

MIL-101 and MOF-177 with a reported pore volumes of 1.77 cm3/g and 1.73 cm3/g 

respectively and a specific surface area of 3200 m2/g and 4000 m2/g respectively. MOF-

177 possess a Tetrahedral 3D pore network with basic zinc acetate clusters and 1,3,5-

benzenetribenzoate (BTB) organic linkers, while MIL-101(Cr) also has a 3D porous 

structure with a small (2.9nm) and a large (3.4nm) mesopores [18].  The considerably high 
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porosity of these two MOFs can permit for the encapsulation of higher IL loadings inside 

their porous structures to bring higher density of active sorption sites without sacrificing 

the support’s porosity of the IL@MOF composite sorbents which may result in 

improvement in CO2 uptakes. MIL-101 was used by Chen et al. [11] to post-synthetically 

graft diethylenetriamine-based ILs into its large pore volumes using ethanol as a solvent. 

Due to the large pore volumes of MIL-101, a good IL dispersion was achieved which gave 

rise to a more accessible active sites for CO2 adsorption. Similarly, Wang et al. [19] 

encapsulated [bmim][Ac] into MIL-101 for the separation of acetylene and ethylene gas 

mixtures. The encapsulation of up to 2 mmol [bmim][Ac] per gram of MIL-101 was 

achieved, which exhibited adsorption selectivity of about 30 outperforming most MOFs 

used for this application. To the best of our knowledge no experimental investigation is 

reported for the post-synthetic functionalization of MOF-177 for CO2 capture applications, 

therefore, this work lays the ground for future studies. Furthermore, the influence of the 

synthesis method, and the [emim][Ac] loading on the physicochemical properties and the 

CO2 sorption performance of the [emim][Ac]@MOFs composite sorbents is investigated 

in this work.  

1.12 Materials and Experimental Work 

1.12.1 Materials 

Anhydrous ethanol [emim][Ac]  (assay ≥95 wt.%), MOF-177 under the commercial name 

Basolite Z377, Chromium(III) nitrate nonahydrate (Cr(NO3)3·9H2O), benzene-1,4-

dicarboxylic acid (H2bdc), nitric acid, and N,N-Dimethylformamide (DMF) were all 

purchased from Sigma Aldrich. All chemicals were used as obtained from commercial 

sources without further purifications. All chemicals and samples were stored inside a 
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glovebox (CleaTech LLC) containing a molecular sieve desiccant (3A, 4-8 mesh, Sigma 

Aldrich Canada) and circulating Argon gas to minimize exposure to moisture and volatile 

impurities. All gases used in this study (CO2, N2, and Ar) were ultra-high purity gases 

(99.999 wt. %), and were purchased from Praxair Inc. Canada. 

1.12.2 Synthesis of MIL-101 

MIL-101(Cr) was prepared following a reported procedure [20] using a fluorine-free 

synthesis method. In a A typical synthesis involves a solution containing chromium (III) 

nitrate Cr(NO3)3·9H2O (3.2 g, 8.0 mmol), Nitric acid 1.0 N or 6 wt% (6 mL, 8.0 mmol) 

and benzene-1,4-dicarboxylic acid H2bdc (1.3 g, 8.0 mmol) in 40 mL deionized H2O. 4. 

The mixture was then transferred to the PTFE/Teflon liner in a hydrothermal autoclave and 

was heated for 8 h at 220 °C and slowly cooled afterwards to room temperature at a rate of 

30 °C/h in 6 hours. The contents of the autoclave were transferred to two centrifuge tubes 

and the supernatant solution was carefully removed after centrifugation. Deionized water 

(20 mL) was added in each tube and the solid was suspended in the aqueous phase followed 

by centrifugation and removal of the supernatant solution. DMF (20 mL) was added to the 

solid in each tube and were heated to 80 °C in an ultrasonic bath with sonication for 1 

hours. Afterwards, MIL-101 was then separated from DMF by centrifugation. Next, MIL-

101 was mixed in a 25 mL deionized water at 70 oC for 5 hours followed by centrifugation. 

Same washing procedure was applied using anhydrous ethanol at the same temperature. 

The final activated MIL-101 was obtained by centrifugation and heating under vacuum at 

120 oC for 2 hours. 
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1.12.3 Impregnation of ILs into MOFs 

In this study, two synthesis methods were deployed to prepare the ILs@MOFs composites, 

the wet impregnation (WI) and dry impregnation (DI) techniques. In the wet impregnation 

method, the IL was firstly mixed with a solvent (in this case anhydrous ethanol) and was 

then added to the pre-specified dried MOF material. The scintillation vial containing the 

mixture (IL+MOF+anhydrous ethanol) was left to dry at room temperature for 24 hours 

and then placed in oven heated at 90 oC to remove the solvent and obtain the final IL@MOF 

composites. Whereas, for the dry impregnation synthesis route, the specified amount of IL 

was added dropwise to the dried MOF powder and was heated to 60 oC to facilitate the 

natural diffusion of ILs into the pores of MOF sorbents to obtain the final IL@MOF. The 

amount of ILs added was varied depending on the targeted concentration of IL desired in 

the resulting IL@MOF composites. All samples prepared were stored in a desiccator inside 

a glovebox filled with circulating Argon gas. Samples were designated as 

[emim][Ac]@MOF-177-WI-X% and [emim][Ac]@MOF-177-DI-X% for MIL-101 based 

sorbents and [emim][Ac]@MIL-101-WI-X% and [emim][Ac]@MIL-101-DI-X% for 

MOF-177 based composites, where X is the weight % of the IL in the composite, WI and 

DI represents the synthesis method used. 

1.12.4 Characterization 

1.12.4.1 Thermogravimetric analysis (TGA) 

TGA experiment was carried out for all the samples using a Shimadzu (TGA-50) 

instrument connected to a flow controller (FC-60A). The sample was loaded into a 
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platinum pan and the temperature was increased from room temperature to 1073 K at a 

rampe rate of 10 K/min under a continuous N2 flow of 50 mL/min. The Cyclic 

adsorption/regeneration experiments were also performed using the Shimadzu (TGA-50) 

analyzer at atmospheric condition and 303 K. The sample was weighted in a platinum pan 

and was then subjected to a ramping temperature program at a rate of 10 K/min to 373 K 

under 50 mL/min nitrogen flow, and was held constant for 2 hours to remove the remaining 

ethanol and any pre-adsorbed gases. Then, the temperature was brought down to the 

adsorption temperature (i.e 303 K). Once the sample temperature became stable at 303 K 

for half an hour, the gas was switched from N2 to CO2 at a flowrate of 50 mL/min for 1 

hour to start the adsorption process. After the adsorption step, the sample regeneration was 

performed by heating at 373 K under N2 flow for 2 hours. The adsorption/desorption cycles 

were repeated up to 10 cycles and the weight versus time data were recorded. The quantity 

of the adsorbed and desorbed CO2 (mmol/g) was then calculated based on Equation 5.1 

below: 

CO2Uptake =
wt(mg)−wt=0(mg)

44∗wt=0(mg)
∗ 1000                            (5.1) 

Where wt=0 and wt are the initial weight of the sample and the equilibrium weight, 

respectively. 

1.12.4.2 Powder X-Ray Diffraction (XRD) 

XRD patterns of the samples were obtained using a D8 Discover diffractometer (Bruker 

AXS, USA) with GADDS 2D detector equipped with Ni-filtered Cu-Kα radiation source 

(λ = 0.154056 nm) at 40 mA and 40 KV. The diffraction patterns were measured in a range 

of diffraction angles (2θ) of 2.0° to 20° with a step size of 0.01° and a scan speed of 1 

second/step was applied to collect the intensity data. 
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1.12.4.3 Fourier transform infrared spectroscopy (FTIR) 

FTIR measurements were recorded on a Fourier transform infrared spectrometer (Bruker, 

Equinox 55) equipped with an attenuated total reflection (ATR) cell and a room-

temperature detector. The data were collected in the spectral region from 4000 cm−1 to 400 

cm−1 with 4 cm−1 resolution. 

1.12.4.4 Measurement of the Brunatuer–Emmett–Teller (BET) surface area 

BET analysis was performed using a Micromeritics ASAP2020 physisorption analyzer. 

Prior to N2 adsorption, about 100 mg samples were outgassed at 423 K for 4 hours under 

vacuum. After activation, the sample was cooled down to 77 K using liquid nitrogen and 

the volumetric N2 adsorption isotherm was measured between 10−6 and 1 bar. Part of the 

N2 adsorption branch in the relative pressure (P/Po) region from 0.05 to 0.3 was fitted to 

the BET and Langmuir correlations to estimate the specific surface areas of the samples. 

Pore volumes and average pore width of the samples were obtained from the N2 adsorption 

isotherms at 77 K using the Barrett- Joyner- Halenda (BJH) method with Halsey-Faas 

correction available with the associated software. 

1.12.5 CO2 adsorption kinetics modeling 

Measuring the adsorption kinetics is very important for the characterization of a sorbent 

material in CO2 capture applications. The CO2 adsorption kinetic data obtained in this work 

for the IL@MOF composites were fitted to two kinetic models including the pseudo-first 

order (equation 5.2) and Avrami’s model (equation 5.3) models as described below: 

𝒒 = 𝒒𝒔 (𝟏 − 𝒆𝒙𝒑−𝒌𝟏 𝒕)                                 (5.2) 
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𝑞 = 𝑞𝑠 (1 − 𝑒𝑥𝑝−(𝑘𝐴 𝑡)𝑛𝐴 )                          (5.3) 

Where qs and q are the CO2 adsorption uptakes (wt.%) at equilibrium and at time t (min) 

respectively. While k1, kA, and nA are the rate constants for each corresponding models. To 

quantify the goodness of the fitting, the coefficient of correlation (R2) for each model was 

calculated according to equation 5.4, where n is the number of experimental data, p is the 

number of parameters, qexp and qmodel are the experimental and measured CO2 uptake 

(wt.%). 

𝑅2 = 1 − [
∑ (𝑞𝑒𝑥𝑝−𝑞𝑚𝑜𝑑𝑒𝑙)

2𝑛
𝑖=1

∑ (𝑞𝑒𝑥𝑝−𝑞𝑚𝑜𝑑𝑒𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )
2𝑛

𝑖=1

] [
𝑛−1

𝑛−𝑝
]                          (5.4) 

1.12.6 Adsorption Isotherms 

The isotherm measurements were carried out gravimetrically using the Intelligent 

Gravimetric Analyzer (IGA) supplied by Hiden Analytical Ltd. The IGA instrument allows 

the adsorption isotherm and the corresponding kinetics of adsorption at each pressure step 

to be determined. The isotherms were recorded at three different temperatures (303.15, 

313.15, and 323.15) K. The measurement procedure is explained in our previous work [17]. 

1.13 Results and Discussions 

1.13.1 Characterizations of the ILs-impregnated Sorbents 

The TGA thermograms of the [emim][Ac] impregnated MOF-177 samples is presented in 

Figure 0.1 for the sample prepared via wet and dry impregnation methods. The 

decomposition temperature of the bulk [emim][Ac] according to the derivative weight loss 

profiles also known as the onset decomposition temperature (Tonset) was about 230 oC 

which is in agreement with previous studies [21]. On the other hand, the MOF-177 support 
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has displayed a relatively higher thermal stability with a Tonset value of 420 oC [22]. The 

thermal decomposition of MOF-177 was studied by Saha et al. [23] and it was concluded 

that MOF-177 completely converts to ZnO when heated to temperatures higher than 420 

oC as was evident from their XRD results. Looking at the [emim][Ac] modified MOF-177 

samples, it’s observed that for the samples prepared using wet impregnation method, the 

decomposition of the MOF-177 framework has occurred at relatively lower temperature 

compared to the unmodified MOF-177, for instance [emim][Ac]@MOF-177-WI-10% 

displayed a sharp weight loss at around 405 oC while [emim][Ac]@MOF-177-WI-20% 

displayed a wider weight loss profile at about 403 oC. In order to evaluate the actual loading 

of [emim][Ac] in the impregnated samples, we have developed a procedure in our previous 

work [17] based on the difference in the remaining mass between the bulk [emim][Ac] and 

the solid support (ZIF-8). However, in this work no apparent weight loss could be observed 

around the decomposition temperature of the bulk [emim][Ac]. Yet, it can be seen that the 

impregnated samples has shown a relatively less weight remaining compared to the MOF-

177 in the temperature range between 230 oC and 420 oC as shown in Figure 0.1 (a). Similar 

observations were noted for the composite sorbents prepared using direct mixing approach, 

for instance [emim][Ac]@MOF-177-DI-10% has shown about 8% weight loss in the 

temperature range 150-250 oC which could be ascribed to the decomposition of the 

impregnated [emim][Ac] from the sample. The impact of ILs incorporation on the thermal 

stability limits of SILs have been discusses elsewhere [24]. Overall, the incorporation of 

ILs into the pores of solid supports was found to reduce the decomposition temperature by 

a few degrees compared to the pristine solid support because of host-guest interactions. As 

discussed earlier, we have noted a slight decrease in the Tonset value of the MOF-177 when 
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[emim][Ac] is incorporated into its pores as indicated by the shifts in the Tonset values. 

Ideally for SIL systems, the weight loss observed on the TGA profile of the impregnated 

samples at around the Tonset value of the IL is indicative of the actual IL loading in the 

composite sorbent (i.e this weight loss is used to calculate the actual IL loading). However, 

for the case of [emim][Ac]@MOF-177 samples regardless of the synthesis method, no 

sharp weight loss was observed for the impregnated samples around the Tonset of the 

[emim][Ac] (230 oC), but rather a slow decomposition was observed which spanned over 

a wider temperature range. This observation is an evidence for the formation of interionic 

interactions between [emim][Ac] and the surface of MOF-177. According to literature, the 

extent of interionic interactions is influenced by the support’s surface acidity and the IL 

basicity [24]. 

 

Figure 0.1 TGA thermograms of (a) [emim][Ac]@MOF-177-WI and (b) [emim][Ac]@MOF-177-DI prepared at 

different [emim][Ac] loadings, shown along with the pristine MOF-177 material 

Thermogravimetric results of the [emim][Ac]@MIL-101 composites is shown in Figure 

0.2. The TGA profile of the bare MIL-101 displayed a total weight loss of about 70% with 

an initial 5% weight loss below 100 oC ascribed to the evaporation of the remaining ethanol 

used in the synthesis of MIL-101, whereas the 27% weight loss at 330 oC is attributed to 

the expulsion of the coordinated water molecules from the MIL-101 framework [25]. The 
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[emim][Ac]@MIL-101 sorbents prepared via wet impregnation route has shown a weight 

loss around 220 oC for 10wt% [emim][Ac] loading while samples prepared with higher 

[emim][Ac] concentrations has shown Tonset value of about 224 oC and 227 oC at 20 wt% 

and 30 wt% [emim][Ac] loading respectively. This trend is consistent with previous 

observations for IL@MOF materials [26]. For the samples prepare with direct mixing 

route, same trend was observed with Tonset values of about 220 oC for 10 wt% and 20 wt% 

[emim][Ac] concentration while the sample prepared at 30 wt% [emim][Ac] loading 

showed a decomposition temperature identical to the bulk [emim][Ac] (230 oC). It’s also 

noted that a slower decomposition over a wide temperature range from 50-200 oC was 

observed on all [emim][Ac]@MIL-101 composites, and another step was recorded 

between 200-250 oC. Furthermore, it was also observed that the third decomposition step 

after 300 oC, which is attributed to the collapse of the MIL-101 framework has successively 

shifted to a higher temperature when [emim][Ac] is incorporated, dictating that the 

presence of interionic interactions between [emim][Ac] and MIL-101 delayed the 

destruction of the MIL-101 framework, in agreement with previous literature [19]. 

 

Figure 0.2 TGA thermograms of (a) [emim][Ac]@MIL-101-WI and (b) [emim][Ac]@MIL-101-DI prepared at 

different [emim][Ac] loadings, shown along with the pristine MIL-101 material 
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The two MOFs selected in this work (MOF-177 and MIL-101) are known to have an 

outstanding porosity compared to other porous materials with an exceptionally large pores 

to accommodate different guest molecules. However, structural changes due to exposure 

to moisture and other solvents can pose a detrimental impact on their structural integrities 

especially MOF-177 which was shown to deteriorate upon long term exposure to moisture 

[23]. In this work, we have used two synthesis approach as explained earlier, one method 

uses a solvent to facilitate the impregnation of [emim][Ac] into the pores of MOF-177 and 

MIL-101 while the other method uses the diffusional forces without the use of a solvent. 

As shown in Figure 0.3, the XRD patterns of MOF-177 and the impregnated samples at 

different [emim][Ac] loadings using both WI and DI methods is presented. As the DI 

method does not use any solvent, the [emim][Ac]@MOF-177 samples prepared using this 

method, has shown no change in the XRD pattern upon the introduction of different 

concentrations of [emim][Ac] indicating that the structural integrity of MOF-177 remained 

unchanged after the IL incorporation. However, it’s worthy to note that, a slight decrease 

in the crystallinity was observed as evident from the successive decrease in the diffraction 

intensities. On the other hand, the samples prepared using WI method in which anhydrous 

ethanol solvent was used, all the major diffraction peaks at 5.5o, 5.9o, 6.2, 10.1o has 

significantly declined after the synthesis as shown in the zoom-in view of Figure 0.1. 

Moreover, in addition to the considerable decrease in the diffraction intensity and the 

disappearance of few peaks, there was a slight shift in the peak position to a higher angle 

which indicates severe morphological changes. It’s worthy to mention that previous studies 

have reported the dramatic differences in both adsorption characteristics and powder XRD 

data for MOF-5 with a similar topology as MOF-177, hence further work is required to 
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shed light on the crystallographic characterizations of the IL-impregnated MOF-177 

samples using single crystal XRD analysis [27]. 

 

Figure 0.3 XRD patterns of (a) [emim][Ac]@MOF-177-WI and (b) [emim][Ac]@MOF-177-DI at different 

[emim][Ac] loadings 

On the other hand, MIL-101 is relatively more robust and stable under different 

environments as shown in Figure 0.4. It can be clearly seen that all the diffraction peaks of 

the parent MIL-101 were maintained, demonstrating the survival of MIL-101 framework 

after the incorporation of [emim][Ac] using both WI and DI synthesis strategies. However, 

the samples prepared using WI method has shown a relatively lower diffraction intensities 

compared to the DI route for the same [emim][Ac] loading possibly due to the effects of 

ethanol solvent and [emim][A on the electron density within the pores of MIL-101 [11]. 

The decrease of the diffraction intensity with the increase of [emim][Ac] concentration in 

the composite is more pronounced at low 2Ɵ angles, which could be explained by the 

disorder distribution of the incorporated [emim][Ac] in the MIL-101 framework. This 

observation suggests that [emim][Ac] occupies the pores of MIL-101 rather than being 

coated on the exterior surface, which is a common situation for ILs-modified MOFs [25]. 
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Figure 0.4 XRD patterns of (a) [emim][Ac]@MIL-101-WI and (b) [emim][Ac]@MIL-101-DI prepared at 

different [emim][Ac] loadings 

The N2 sorption measurements of the [emim][Ac]-modified sorbents was carried out to get 

insights into the textural structure of the as-synthesized samples and to investigate the 

changes in pore volumes and specific surface areas. Figure 0.5 depicts the BET surface 

area of MOF-177 and the [emim][Ac]@MOF-177 samples prepared using WI and DI 

synthesis methods. It can be clearly seen that, the pristine MOF-177 displayed an 

exceptionally high N2 adsorption especially at higher relative pressures due to the 

significantly large pore volume. The MOF-177 samples impregnated with the WI synthesis 

method, has shown a considerable decrease in the N2 adsorption amount possible due to 

structural and morphological changes which indicates that some of the MOF-177 has 

collapsed when immersed in [emim][Ac]-ethanol mixture during the synthetic procedure. 

On the other hand, the addition of [emim][Ac] only (without the ethanol solvent) as shown 

for the composites prepared via DI method, has resulted in a huge drop in the pore volume 

and available surface area. These observations coincided well with findings obtained from 

the XRD results which suggests that the crystallinity of MOF-177 has remarkably dropped 

after the [emim][Ac] impregnation. This is mainly due to the impregnated [emim][Ac] 

shifting the atomic orientation in crystal planes [27]. The numerical values of the BET 
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surface area and pore volumes of the different composite sorbents is displayed in Table 

0.1. More importantly, the severe drop in the total pore volume (Figure 0.7) after the 

introduction of [emim][Ac] indicates that the IL occupied the internal pores of the MOF-

177, however the porous nature of the impregnated samples was still maintained after the 

encapsulation of the [emim][Ac]. 

 

Figure 0.5 N2 adsorption-desorption isotherms at 77 K for (a) [emim][Ac]@MOF-177-WI and (b) 

[emim][Ac]@MOF-177-DI at different [emim][Ac] loadings 

 

Figure 0.6 N2 adsorption-desorption isotherms at 77 K for (a) [emim][Ac]@MIL-101-WI and (b) 

[emim][Ac]@MIL-101-DI at different [emim][Ac] loadings 

The N2 adsorption isotherms of MIL-101 based samples is presented in Figure 0.6 for WI 

and DI synthesis methods. All the N2 adsorption-desorption displayed a mixed type-I/IV 

isotherms which is indicative of the presence of micropores and mesopores in the material 
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[11]. The MIL-101 samples impregnated via the WI and DI routes exhibited a similar 

decrease in the BET surface area and pore volume by about 25% and 50% respectively for 

10 wt% [emim][Ac] loading. This observation implies that [emim][Ac] is preferentially 

incorporated into the pores of MIL-101 rather on the outer surface of the nanoparticles in 

agreement with findings on similar SILs [25]. Nevertheless, despite the decrease in the 

sorbent’s surface area and pore volume, the porosity was still preserved during the post-

synthetic modifications up to 30 wt% [emim][Ac] concentration.  

Table 0.1 Textural properties of [emim][Ac]@MOF-177 and [emim][Ac]@MIL-101 composites 

Sample name BET surface 

area (m2/g) 

Langmuir surface 

area (m2/g) 

Total pore 

volume 

(cm3/g) 

MOF-177 4187.1 6054.1 2.19 

[emim][Ac]@MOF-177-WI-10% 78.2 112.2 0.09 

[emim][Ac]@MOF-177-WI-20% 40.2 65.3 0.05 

[emim][Ac]@MOF-177-WI-30% 19.0 27.6 0.01 

[emim][Ac]@MOF-177-DI-10% 1993.4 2869.2 1.17 

[emim][Ac]@MOF-177-DI-20% 1250.1 1860.1 0.84 

[emim][Ac]@MOF-177-DI-30% 1030.0 1484.6 0.63 

MIL-101 2703.8 4361.2 1.49 

[emim][Ac]@MIL-101-WI-10% 1928.4 3046.9 1.00 

[emim][Ac]@MIL-101-WI-20% 967.3 1920.1 0.52 

[emim][Ac]@MIL-101-WI-30% 689.2 1095.3 0.36 

[emim][Ac]@MIL-101-DI-10% 2000 3096.7 1.06 

[emim][Ac]@MIL-101-DI-20% 1120.2 2580.7 0.68 

[emim][Ac]@MIL-101-DI-30% 782.6 1214.0 0.42 
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Figure 0.7 Pore Size Distribution for (a) [emim][Ac]@MOF-177-WI and (b) [emim][Ac]@MOF-177-DI at 

different [emim][Ac] loadings 

 

Figure 0.8 Pore Size Distribution for (a) [emim][Ac]@MIL-101-WI and (b) [emim][Ac]@MIL-101-DI at 

different [emim][Ac] loadings 

To further verify the successful incorporation of [emim][Ac] into the pores of MOF-177 

and MIL-101, FTIR spectra were obtained for the composite sorbents prepared using WI 

and DI synthesis methods as shown in Figure 0.9 and Figure 0.10 for MOF-177 and MIL-

101 respectively. The peak assignment for the bulk [emim][Ac] could be found in detail 

elsewhere [17, 28], which concluded that [emim][Ac] has major absorption bands at around 

1178, 1380, and 1570 cm-1. It can be noted that all [emim][Ac]@MOF-177 samples has 

preserved all the IR peaks of the bare MOF-177 which indicates that the light absorbance 

properties of the original MOF-177 are preserved after the incorporation of [emim][Ac].  
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Furthermore, IR peaks attributed to [emim][Ac] has appeared on the impregnated samples 

with intensities increasing successively with the [emim][Ac] loading, which provides a 

strong evidence for the successful impregnation of MOF-177. For instance, peaks 

attributed to [emim][Ac] in the range from 2800-3000 cm-1 were recorded for the 

impregnated samples. The IR band at about 1173 cm-1 which is reported for all ILs with 

imidazolium cation has also clearly appeared on all the [emim][Ac]@MOF-177 samples. 

Furthermore, IR bands at 1578 cm-1 ascribed to the [Ac] anion were detected as a small 

shoulder peak on all the [emim][Ac]@MOF-177-DI samples. It was also noted that the 

major peak at around 1416 cm-1 which is ascribed to the dicarboxylate within the MOF-

177 has shifted backward by about 8 cm-1 and overlapped with the [emim][Ac] peak at 

1379 cm-1 as one broader peak. This phenomenon was reported in the past for different 

SILs and was attributed to the interionic interactions between the solid support and the IL 

which in turn influence the anion-cation interactions within the ILs [29]. 

Similarly, as shown in Figure 0.10 for [emim][Ac]@MIL-101 samples, the characteristic 

peaks for [emim][Ac] were observed on the impregnated samples. The C-O-C asymmetric 

and symmetric stretching vibrations of the dicarboxylate group were observed at 1612 cm-

1 and 1393 cm-1, while the IR peak at 1516 cm-1 is a fingerprint of the C=C stretching 

vibrations of the aromatic rings [11]. Based on the enlarged view of the FTIR spectra in 

Figure 0.10, the two IR peaks at about 1173 cm-1 and 1578 cm-1 has shifted slightly to a 

higher wavenumber in comparison with the bulk [emim][Ac] which could be ascribed to 

the coordination between the Cr+3 and the [Ac] anoin. Chen and coworkers [11] have 

reported similar a slight shift in IR peak locations in comparison with the IL for their work 

on the incorporation of diethylenetriamine-based ionic IL (DETA-Ac) into MIL-101. 
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Figure 0.9 FTIR spectra of (a) [emim][Ac]@MOF-177-WI and (b) [emim][Ac]@MOF-177-DI at different 

[emim][Ac] loadings in the wave number range from 500 to 4000 cm-1 

 

Figure 0.10 FTIR spectra of (a) [emim][Ac]@MIL-101-WI and (b) [emim][Ac]@MIL-101-DI at different 

[emim][Ac] loadings in the wave number range from 500 to 4000 cm-1 

1.13.2 CO2 Adsorption Isotherms 

The potential of MOF-177 and MIL-101 as support materials for the impregnation of 

[emim][Ac] for CO2 capture applications was investigated in this work. Both solvent 

assisted and dry synthesis methods were used to prepared the [emim][Ac] supported 

sorbents to understand the impacts of the synthesis strategy on the composite sorbent’s 

characteristics and CO2 sorption capacities. The CO2 adsorption isotherm for 

[emim][Ac]@MOF-177 composites prepared using both WI and DI synthesis methods is 
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presented in Figure 0.11 in the low (0-1 bar) and high (0-10 bar) pressure regions. It can 

be clearly seen that, the [emim][Ac]@MOF-177 composite sorbents prepared using WI 

method has shown a significantly higher CO2 uptakes compared to the pristine MOF-177. 

The sample prepared at 10 wt% [emim][Ac] concentration with WI method exhibited the 

highest CO2 uptake compared to all the other samples and remained the uptrend up to 2 

bar, after which MOF-177 has displayed higher CO2 adsorption capacity. However, further 

increasing the [emim][Ac] loading more than 10 wt% has resulted in a drop in the CO2 

capacity, despite being still higher than the bare MOF-177. Furthermore, when [emim][Ac] 

were directly mixed with MOF-177, the CO2 uptake has successively decreased with 

increasing the [emim][Ac] concentration in the composite sorbents. Previous studies on the 

gas sorption using MOF-177 has concluded that the voluminous space enclosed within the 

pores of MOF-177 is responsible for the high adsorption capacity especially at high 

pressures [22]. In this work, the very large void space within MOF-177 was used to confine 

[emim][Ac] molecules in order to improve the affinity toward CO2 to achieve a higher CO2 

uptake in the low pressure zone. Interestingly, according to our experimental results, 

incorporating higher concentrations of [emim][Ac] has shown a negative impact on the 

CO2 adsorption capacity with an optimum [emim][Ac] loading at 10 wt%. In a similar 

work, Koyuturk and coworkers [30] have varied the [bmim][BF4] loading in 

[bmim][BF4]@ZIF-8 composites between 5-30 wt% and concluded that samples prepared 

at 20 wt% [bmim][PF6] loading possessed the highest CO2 uptake. The existence of an 

optimum IL loading for CO2 capacity could be explained by the fact that excessive 

impregnation of ILs molecules in the pores could possibly lead to a complete pore blockage 

and eventually prevent the accessibility of CO2 to the confined adsorption sites. 



165 

 

Furthermore, better IL dispersion on the support material, could be realized at lower IL 

loadings compared to higher concentrations, which will induce a great improvement in the 

gas separation characteristics of the sorbent materials [15]. 

On the other hand, the introduction of [emim][Ac] into MIL-101 has shown a negative 

impact on the CO2 uptake of the composite sorbents regardless of the synthesis method 

used as can be seen in Figure 0.12. This could be explained by the decrease in the available 

pore volume with [emim][Ac] confinement into MIL-101, in addition to the partial 

coverage of the Cr+3 open metal sites with the [emim][Ac]. The later explanation could be 

the main reason for the observed decrease in the CO2 uptake with the increase of 

[emim][Ac] loading for the two synthesis methods used., because it was previously proven 

that CO2 adsorption into MIL-101 is mainly driven by the coordination between CO2-Cr+3 

[18]. This observation is in agreement with recent studies for instance, the decrease in the 

sorption capacity due to the confinement of [bmim][Ac] into MIL-101 was reported by 

Wang et al. [19] for the adsorption of acetylene and ethylene which was ascribed to the 

considerable drop in the available pore volume. The computational study by Xue et al. [15] 

has concluded that using materials with strong adsorption sites such as the open Cr+3 sites 

as supports for the incorporation of ILs cannot achieve considerable enhancement of gas 

sorption performance, due to the competitive interaction between the anoin of the ILs and 

the CO2 molecule on the open metal centres which will ultimately partially reduce the CO2 

adsorption on these sites. 
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Figure 0.11 CO2 equilibrium uptake of [emim][Ac]@MOF-177-WI and [emim][Ac]@MOF-177-DI composites 

in the high (a & c) and low (b & d) pressure regions and 303 K. 
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Figure 0.12 CO2 equilibrium uptake of [emim][Ac]@MIL-101-WI and [emim][Ac]@MIL-101-DI composites in 

the high (a & c) and low (b & d) pressure regions and 303 K. 

Several cycles of adsorption-regeneration were performed for [emim][Ac]@MOF-177-

WI-10% at 1 bar at 303 K for the adsorption, 373 K and a N2 flow of 50 mL/min for the 

desorption. As can be seen in Figure 0.13 the sample has preserved its initial CO2 uptake 

up to 10 successive adsorption-desorption cycles without any losses in the CO2 capacity. 

Furthermore, a fully reversible regeneration was achieved with a fast desorption kinetics 

under mild heating to 100 oC and N2 flow. The relatively lower regeneration conditions for 

the [emim][Ac]-modified MOF-177 samples indicates a lower energy requirements for the 

regeneration step which is a determining issue for potential CO2 capture applications [31].  
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Figure 0.13 Cyclic adsorption-regeneration performance of [emim][Ac]@MOF-177-WI-10% at 1 bar and 303 K 

adsorption conditions, and 373 K regeneration temperature, showing the adsorption/desorption kinetics (a) and 

the cyclic CO2 capacity (b) 

1.13.3 CO2 Adsorption Kinetics  

Evaluating the adsorption kinetics of solid sorbents is one of the overlooked characteristics 

which has a significant impact on large scale applications of the adsorption process. The 

CO2 adsorption kinetics was obtained using IGA at 303 K and 0.2 bar to simulate typical 

conditions for post-combustion capture applications where the concentration of CO2 is 

between 5-20%. Figure 0.14 depicts the CO2 uptake in the [emim][Ac]@MOF-177 

composites prepared using WI synthesis method in comparison with the pristine MOF-177 

and [emim][Ac] at the same conditions. As can be seen in Figure 0.14 (a), the sorption 

kinetics in [emim][Ac] is considerably slow, which required about 6 hours to reach 

equilibrium. However, the [emim][Ac]-modifed MOF-177 samples exhibited a 

substantially fast kinetics and reached the sorption saturation capacity in less than 1 minute. 

The extremely sluggish CO2 sorption kinetics in ILs is considered one of the major 

drawbacks for their wide scale applications despite the several reported attempts in 

literature to enhance the mass transfer characteristics of ILs [32]. Despite their high CO2 
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capacities, the strongly unfavorable mass transfer properties of acetate-based ILs compared 

to amine-based absorption has limited their widespread use, which was attributed to the 

high viscosity of the ILs and its reaction products with CO2 [32]. Therefore, the concept of 

SILs was adopted in this work, to benefit from the very high CO2 affinity of [emim][Ac] 

while maintaining a high mass transfer rate as seen in Figure 0.14. The drastically improved 

sorption kinetics could be explained by the increased gas-liquid contact area due to the 

discretization of [emim][Ac] as thin layers on the surface of MOF-177 supports leading to 

faster CO2 sorption rates compared to the bulk [emim][Ac]. Favorable kinetics for 

encapsulated ILs have been reported in literature for several SILs, for instance Wang et al. 

[33] has reported a significant enhancement in CO2 sorption kinetics for amino acid ILs 

facilely immobilized into porous silica spheres. Similarly, in our previous work, we have 

demonstrated a remarkably faster mass transfer rates in acetate-based ILs confined into 

ZIF-8 sorbents, and concluded that the adsorption rate increases substantially with 

increasing temperature [17].  

 

Figure 0.14 CO2 adsorption kinetics in (a) neat [emim][Ac], and (b) [emim][Ac]@MIL-101-WI composites at 0.2 

bar and 303 K. 
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In order to quantify the enhancement in CO2 adsorption kinetics using SILs, the kinetic 

data were fitted to first order and Avrami’s models as shown in Table 0.2. It can be 

observed that the first order model, has shown a good fit to the experimental kinetic data 

as indicated by the values of the correlation coefficient (R2). Furthermore, the [emim][Ac]-

impregnated samples exhibited a relatively lower rate constant compared to the neat MOF-

177, which shown the fastest sorption kinetics due to the very large pores in MOF-177 

easily accessible to CO2 molecules. The application of pseudo first order model to fit the 

CO2 kinetics data for [bmim][Ac]-encapsulated microcapsules has been reported by Moya 

and coworkers [31], and it has produced a satisfactory correlation to the experimental data. 

Table 0.2 Kinetic models parameters isotherm model parameters for MOF-177 and [emim][Ac]@MOF-177-WI 

composites at different [emim][Ac] loadings 

sample 1st Order Avrami 

k1 R2 kA nA R2 

MOF-177 8.22 0.999 8.41 1.045 0.982 

[emim][Ac]@MOF-177-WI-10% 2.24 0.978 1.28 0.626 0.924 

[emim][Ac]@MOF-177-WI-20% 0.23 0.949 0.45 0.526 0.911 

[emim][Ac]@MOF-177-WI-30% 0.22 0.948 0.45 0.525 0.912 

1.13.4 Equilibrium Isotherm Modeling 

The [emim][Ac]@MOF-177-WI samples has been subjected to further investigations due 

to their improved CO2 uptakes compared to MOF-177, hence the sorption isotherms at 303, 

313, and 323 K have been measured and fitted using Freundlich isotherm model (equation 

5.5). 

qe = k P1/m                                                         (5.5) 
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Where, qe is the CO2 uptake (mmol/g) at equilibrium, P is the pressure (bar), k and m are 

the Freundlich isotherm parameters. The Freundlich model incorporates the surface energy 

heterogeneity due to the presence of different adsorption sites with various affinities to CO2 

as expected in our [emim][Ac] incorporated samples. Excellent fitting were achieved using 

Freundlich model as can be viewed from the fitting quality results presented in Table 0.3. 

It can be observed that, as the temperature increases, the value of (k) decreases, which 

dictates that the CO2 adsorption is favorable at lower temperatures in agreement with 

previous results [34]. Moreover, the surface heterogeneity is governed by the value of (m), 

and it was found that the value of (m) has increased for the [emim][Ac] incorporated 

samples compared to the bare MOF-177 which implies that the composite sorbents possess 

highly heterogeneous surfaces due to the presence of [emim][Ac] inside the pores acting 

as strong binding sites for CO2. We have also reported similar observations for acetate-

modified ZIF-8 sorbents [17]. 

Table 0.3 Freundlich isotherm model parameters for MOF-177 and [emim][Ac]@MOF-177-WI composites at 

different [emim][Ac] loadings 

Temperatur

e (K) 

MOF-177 [emim][Ac]@MOF-

177-WI-10% 

[emim][Ac]@MOF-

177-WI-20% 

[emim][Ac]@MOF-

177-WI-30% 

K m R2 K m R2 K m R2 K m R2 

303.15 0.4

3 

1.4

1 

0.999

9 

0.1

3 

1.6

7 

0.999

8 

0.1

8 

1.6

7 

0.999

9 

0.2

4 

1.6

7 

0.999

9 

313.15 0.3

7 

1.4

1 

0.999

9 

0.1

1 

1.4

6 

0.999

9 

0.1

5 

1.4

6 

0.999

9 

0.1

9 

1.4

7 

0.999

9 

323.15 0.3

1 

1.4

1 

0.999

9 

0.0

9 

1.2

2 

0.999

8 

0.1

3 

1.2

3 

0.999

9 

0.1

6 

1.2

3 

0.999

9 
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1.13.5 CO2 adsorption Enthalpy 

In order to quantify the interaction between the CO2 molecule and the surface of the sorbent 

materials, the enthalpy of adsorption for [emim][Ac]@MOF-177-WI samples was 

estimated using Clausius–Clapeyron equation (Equation 5.6), where T is the absolute 

temperature (K) and R is the universal gas constant (8.314 J/mol·K) [35]. 

Qst = R [
∂Ln P

∂(
1

T
)

]
qe

                                                         (5.6) 

The isosteric enthalpy of adsorption (Qst) is a crucial information for the estimation of 

regeneration energy in adsorption processes. We have used the fitting results of Freundlich 

model to predict the relationship between the surface coverage and the CO2 pressure, and 

the slopes of the linear plot of ln(p) vs. 1/T at each CO2 loading was used to evaluate Qst. 

The results are depicted in Figure 0.15, which indicates that MOF-177 exhibited a constant 

Qst value regardless of the CO2 loading due to absence of sorption sites on the surface of 

MOF-177. On the other hand, the composite sorbents, displayed a remarkably higher 

adsorption enthalpy in the low CO2 loading range, which converged to the plateau value 

for MOF-177 at higher CO2 coverages. This could be attributed to the presence of 

[emim][Ac] within the pores of MOF-177 which interacts with CO2 molecules via a 

chemisorption interaction resulting in high CO2 uptakes in the low pressure zone, and 

releases higher heat during the adsorption process. The high solvation enthalpy between 

CO2 and the acetate-based ILs was estimated to be about 40 kJ/mol, in the low pressure 

region which leads to a spontaneous adsorption of CO2 [36]. It’s noteworthy that additional 

data points in the CO2 isotherm are required below 0.1 bar to gain more insights into the 

CO2 solubility values in this region and ultimately improve the predictions of Qst values.  
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Figure 0.15 Isosteric heats of adsorption (Qst) of [emim][Ac]@MOF-177-WI samples at different [emim][Ac] 

loadings 

1.14 Conclusions 

This work demonstrates the importance of the synthesis method and the IL loading in the 

fabrication of SILs for potential applications in CO2 capture applications. Two MOFs with 

exceptionally high pore volumes were selected for the incorporation of [emim][Ac] into 

their porous structures using solvent-assisted and dry synthesis methods and different 

[emim][Ac] concentrations. The TGA results revealed the impacts of [emim][Ac] 

incorporation on the thermal stability limits of the composite sorbents. It was found that 

the decomposition has started at relatively lower temperature for the impregnated samples 

compared to their pristine counterparts due to the interionic interactions between the 

confined [emim][Ac] molecules and the internal surface of the MOF-177 and MIL-101 

supports. Furthermore, the FTIR spectra evidenced the presence of [emim][Ac] inside the 

pores of MOF-177 and MIL-101 samples due to the presence of all the [emim][Ac] 

fingerprints in the IR spectra of the modified samples. Moreover, the encapsulation of 
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[emim][Ac] using wet impregnation method, was found to significantly reduce the BET 

surface area and pore volumes of the MOF-177 and MIL-101 supports compared to the dry 

mixing approach, due to the partial loss of crystallinity when using ethanol solvent. More 

importantly, the CO2 uptake in [emim][Ac]@MOF-177 samples prepared using wet 

impregnation approach has shown a significant improvement compared to the neat MOF-

177 with an optimum [emim][Ac] loading of 10 wt%. Interestingly, the sorption kinetics 

on the [emim][Ac]-modified samples was substantially faster compared to the bulk 

[emim][Ac]. This work, demonstrate the importance of utilizing voluminous materials as 

supports for the introduction of chemical functionalities into their porous structures to 

improve their CO2 capture characteristics. The role of the synthesis method, and the IL 

loading in the performance of the composite sorbents cannot be overlooked when preparing 

such composites. 
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Chapter 6: Imidazolium based Ionic Liquids Confined into 

Mesoporous Silica MCM-41 and SBA-15 for Carbon 

Dioxide Capture 
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Abstract 

Ordered mesoporous silica MCM-41 and SBA-15 were impregnated by two imidazolium-

based ionic liquids 1-Butyl-3-methylimidazolium Acetate [BMIM][Ac] and 1-propyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide [PMIM][Tf2N] using a facile 

impregnation-evaporation approach. The immobilization of ILs into the mesoporous silica 

supports was found to reduce the derivative decomposition temperatures (Tonset) by about 

30 oC compared to the bulk ILs, however the decomposition process was found to occur 

over a wider temperature range for the IL-immobilized samples. These observations are 

indicative of interionic interactions between the ILs and the surface of the mesoporous 

silica supports, which was further corroborated by the shifts in the FTIR bands. The X-ray 

diffraction patterns (XRD) of the pristine MCM-41, SBA-15 and the IL-modified samples 

has shown that the no textural and morphological changes were observed for the IL-

impregnated samples and that the crystal structure of the mesoporous silica supports 

remained intact. The BET surface area and pore volumes of the composite sorbents has 

remarkably decreased after the incorporation of the ILs due to the occupation of the pore 

surface. All the composite sorbents modified with [bmim][Ac] ILs has shown a substantial 
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increase in CO2 sorption capacity especially in the low pressure region up to 6 times higher 

CO2 uptake at 0.2 bar and 303 K. On the other hand, the immobilization of [pmim][Tf2N] 

did not show any improvements in the sorption capacity for all the impregnation amounts 

used. Furthermore, unlike the slow adsorption kinetics in the bulk ILs, the supported ILs 

exhibited a significantly rapid sorption rates, with a stable cyclic adsorption-regeneration 

performance.  

KEYWORDS: Mesoporous Silica, MCM-41, SBA-15, ionic liquid immobilization, CO2 

capture 

1.16 Introduction 

Carbon dioxide (CO2) is considered as one of the main culprit to climate change, thus it is 

essential to develop technologies related to CO2 capture and storage (CCS). A portfolio of 

green technologies have been proposed to replace the fossil fuel based energy generation 

in order to mitigate CO2 emissions such as energy savings, fuel switching and efficiency 

as well as the use of renewable energy sources such as nuclear, wind, and solar energy. 

However, the role of CCS in achieving the climate objectives is irrefutable as it is projected 

to contribute by about 14% in reducing greenhouse gases emissions [1]. There are a number 

of technologies used for CO2 capture including absorption into physical and chemical 

solutions, adsorption in solid materials, and membrane separation. Absorption in 

alkanolamine solutions such as monoethanol amine (MEA), and diethanolamine (DEA) 

have attracted enormous attention as the most effective solvents for CO2 capture and is 

already utilized commercially in power plants [2]. Nevertheless, the corrosiveness, amine 

degradation, and the high energy required for regeneration are considered as the major 

drawbacks of alkanolamine based materials. Ionic liquids (IL) which are liquid salts at 
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room temperature have shown excellent characteristics as potential CO2 capture solvents 

owing to their chemical and thermal stability, low vapor pressure and tunable properties 

[3]. However, their slow mass transfer, high cost and viscosity are still to be overcome 

before a commercial scale application could be realized. On the other hand, adsorption 

technology hold several advantages such as the low energy requirement and the chemical 

stability of the sorbent materials. In our previous article [4], a thorough overview of the 

different solid sorbents used in CO2 capture was presented. Amongst solid sorbents zeolites 

[5], porous silica [6], activated carbons, and metal organic frameworks (MOFs) [7] have 

been the most prevalent in various applications. The major disadvantages of adsorption in 

solid sorbents are the low CO2 uptake, low selectivity to CO2, and the operational 

challenges associated with batch adsorption processes [4]. Ordered mesoporous silicas 

such as MCM-41 and SBA-15 have attracted great attention in the past two decades in 

several industrial applications including CO2 capture. These materials possess excellent 

features as CO2 sorbents due to their high surface areas, tunable pore sizes, as well as 

thermal and chemical stabilities. Despite the great structural properties, the lack of affinity 

toward CO2 due to the absence of chemical functionality on their surfaces has limited their 

applications as CO2 sorbents. Therefore, in order to enhance their adsorption 

characteristics, various functionalization strategies were deployed in literature using amino 

groups and ionic liquids through the hydroxyl groups on their porous surface. The 

impregnation of polyethylene amine (PE) into a pore expanded mesoporous silica MCM-

41 was investigated using dimethyldecylamine as expanding agent and the CO2/N2 

selectivity was tremendously improved compared to the bare MCM-41 [8]. Furthermore, 

the pore length of the mesoporous silica support was found to inversely influence the CO2 
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adsorption performance of these materials due to the fact that shorter pores possess 

relatively lower diffusion resistances [9]. Apart from amino groups, the use of ILs to 

improve the sorption performance of mesoporous silica materials or what is so called 

supported ionic liquids (SIL) has attracted a great attention in the past. Vangeli et al. [10] 

has studied the physicochemical and thermodynamic properties of an IL immobilized 

MCM-41 sorbents using methylimidazolium cations for CO2/CO separation. Similar to 

amine-modified MCM-41, the pore size of the sorbent played a substantial role in shaping 

the adsorption characteristics of the SIL materials. Results from differential scanning 

calorimetry (DSC) revealed that, the melting point of the SILs has shifted to higher 

temperatures when compared to the pristine [pmim][PF6]. SILs are considered as excellent 

approach to utilize ILs in the large scale by minimizing the use of larger amounts of the 

costly ILs meanwhile avoiding its diffusion restrictions. The impregnation of ILs into the 

porous structures of solid supports may not only enhances the sorbent’s affinity toward 

CO2 but also improves the adsorption kinetics and mass transfer resistances through the 

formation of IL thin films on the interior walls of the solid support [11]. In general, the 

CO2 absorption in ILs is performed under high operating pressures and normally takes long 

time to reach the equilibrium capacity, which is not ideal for practical applications in CO2 

removal. The use of task specific ionic liquids (TSIL) such as the amino-acid-based ILs 

have been suggested in literature as a promising IL for the preparation of SILs [12]. Unlike 

the slow absorption kinetics in the liquid based amino-acid ILs, the encapsulated amino-

acids into nanoporous microspheres has displayed a fast kinetics with reversible CO2 

uptake for up to five adsorption-desorption cycles [12].  
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In this work we report the encapsulation of two imidazolium based ILs ([bmim][Ac] and 

[pmim][Tf2N]) into the hexagonal pores MCM-41 and SBA-15 sorbents. The phase 

behavior of CO2/[bmim][Ac] has shown an exceptionally high CO2 solubility in the low 

pressure region larger than those observed for other ILs at the same pressures which was 

attributed to the acid-base interactions between the carboxylate and the acidic carbon on 

the CO2 [13]. On the other hand, [pmim][Tf2N] has shown a high affinity toward CO2 due 

to the presence of multiple fluorine atoms as was reported by our group in a previous work 

[14]. Therefore, this work aims at utilizing the excellent features of these two ILs by 

impregnating them into mesoporous silica supports (MCM-41 and SBA-15) for CO2 

capture. Furthermore, it was recently found  that in addition to the nature of the IL and the 

IL loading amounts, the support’s total pore volume has a profound influence on the CO2 

adsorption performance of the composite sorbents [11], therefore two mesoporous silica 

based supports were used (MCM-41 and SBA-15). In our previous work we have 

successfully introduced [bmim][Ac] and [emim][Ac] into the 3D frameworks of zeolite 

imidazolate framework (ZIF-8) using wet impregnation technique and achieved a 700% 

increase in CO2 uptake compared to the pristine ZIF-8 [15], which is considered a great 

enhancement that could be envisaged for mesoporous silica materials as well. 

1.17 Materials and Experimental Work 

1.17.1 Materials 

Anhydrous ethanol, [BMIM][Ac]  (assay ≥95 wt.%), [PMIM][Tf2N] (assay of $98.0%), 

were purchased from Sigma Aldrich and used without prior purifications. Mesoporous 

silica MCM-41 and SBA-15 were received from a commercial supplier (Bonding 

Chemical, TX, USA) and were preheated at 150 oC prior to use to remove moisture and 
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volatile impurities. All chemicals were stored in a glovebox with circulating Argon gas 

over a molecular sieve desiccant (3A, 4-8 mesh, Sigma Aldrich Canada) to remove any 

moisture. All gases used in this study (CO2, N2, and Ar) were ultra-high purity gases 

(99.999 wt. %), and were purchased from Praxair Inc. Canada. 

1.17.2 Synthesis of the composite materials 

The encapsulation of ILs into MCM-41 and SBA-15 was achieved using the incipient 

wetness technique for impregnation. The specified amount of IL was mixed with 3 mL 

anhydrous ethanol in a scintillation vial, and the vial was mixed thoroughly until the 

mixture is homogenized. The IL-ethanol mixture was added dropwise to the pre-weighted 

solid support (MCM-41 and SBA-15), and mixed together for few minutes. The solution 

was left stagnant for 24 hours at room temperature and was dried afterward at 100 °C 

overnight to remove the remaining ethanol. All composite materials were kept in a 

desiccator inside a glovebox filled with circulating Argon gas. Three samples were 

synthesized following the above procedure for each IL and are designated as 

[BMIM][Ac]@MCM-X%, [PMIM][Tf2N]@MCM-X%, [BMIM][Ac]@SBA-X% and 

[PMIM][Tf2N]@SBA-X% where X is the weight fraction of the IL in the composite (X = 

30wt.%, 50wt.%, or 60wt.%). 

1.17.3 Characterizations 

1.17.3.1 Powder X-Ray Diffraction (XRD) 

XRD patterns of the composite materials were obtained using Bruker D5000 

diffractometer; Cu X-ray tube (Bruker AXS, USA) equipped with Ni-filtered Cu-Kα 

radiation source (λ = 0.154056 nm) at 40 mA and 40 KV. The samples were lightly dry-
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packed into a shallow well within a zero-background sample holder. The diffraction 

patterns were measured in a range of diffraction angles (2θ) of 0.5° to 10° with a step size 

of 0.01° and a scan speed of 2 second/step was applied to collect the intensity data.  

1.17.3.2 Thermogravimetric analysis (TGA) 

TGA experiment was performed for all the composite materials using a Shimadzu (TGA-

50) instrument connected to a flow controller (FC-60A). Approximately 20 mg of each 

sample was placed in a platinum pan and the sample temperature was increased from room 

temperature to 800 °C at a ramping rate of 10°C/min under a continuous flow of N2 at 50 

mL/min. The remaining weight % versus temperature profile was then generated from the 

raw weight-time-temperature data. The Cyclic adsorption/regeneration experiments were 

also performed using the Shimadzu (TGA-50) analyzer at atmospheric condition and 303 

K. The sample was weighted in a platinum pan and was then subjected to a ramping 

temperature program at a rate of 10 oC/min to 373 K under 50 mL/min nitrogen flow, and 

was held constant for 1 hours to remove the remaining solvent and any previously adsorbed 

gases. Afterwards, the temperature was cooled down to 303 K and once the temperature 

was stable, the gas was completely switched from N2 to CO2 at a flowrate of 50 mL/min to 

start the adsorption process. After reaching the equilibrium adsorption uptake, the 

temperature was raised again to 373 K under N2 flow for regeneration. The 

adsorption/regeneration cycles were repeated up to 10 cycles and the weight versus time 

data were collected.  
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1.17.3.3 Measurement of the Brunatuer–Emmett–Teller (BET) surface area 

BET analysis was performed using a Micromeritics ASAP2020 porosity analyzer. Prior to 

N2 adsorption, about 100 mg samples were outgassed at 120 oC for 4 hours under vacuum. 

After activation, the sample was cooled down to 77 K using liquid nitrogen and the 

volumetric N2 adsorption isotherm was measured between 10−6 and 1 bar. Part of the N2 

adsorption branch in the relative pressure (P/Po) region from 0.05 to 0.3 was fitted to the 

BET and Langmuir correlations to estimate the specific surface areas of the samples. Pore 

volumes and average pore width of the samples were obtained from the N2 adsorption 

isotherms at 77 K using the Barrett- Joyner- Halenda (BJH) method with Halsey-Faas 

correction available with the associated software. 

1.17.3.4 Fourier transform infrared spectroscopy (FTIR) 

FTIR measurement were recorded on a Fourier transform infrared spectrometer (Bruker, 

Equinox 55) equipped with an attenuated total reflection (ATR) cell and a room-

temperature detector. The data were collected in the spectral region from 4000 cm−1 to 400 

cm−1 with 4 cm−1 resolution. Approximately 10 mg sample was placed on the ATR cell 

which was thoroughly cleaned with acetone prior to each measurement. 

1.17.4 CO2 sorption measurement 

The isotherm measurements were carried out using the Intelligent Gravimetric Analyzer 

(IGA) supplied by Hiden Analytical Ltd. The IGA instrument permits for the determination 

of the adsorption isotherm and the corresponding kinetics at each pressure. For each 

sample, the isotherms were measured at three different temperatures (303.15, 313.15, and 

323.15) K. The IGA contains a fully automated microbalance which automatically reads 
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the sample mass as a function of time at pressures up to 20 bar. The microbalance retain a 

stability of 1 µg with a weighing resolution of 0.1 µg. In a typical experiment, the sample 

was loaded into a sample bucket and outgassed at 353 K and 10-5 Pa using a diaphragm 

pump and a turbo pump (Pfeiffer) to remove all traces of moisture, and the pre-adsorbed 

gases until the weight is stabilized for 2 hours. The pressure and temperature were then set 

to the desired values using IGASwin software, and the weight uptake was recorded in real 

time under isothermal conditions until equilibrium was attained. The isotherms were 

typically repeatable to better than 1% deviation. 

 

1.17.5 CO2 adsorption kinetics 

One of the main characteristics of a good sorbent is the fast kinetics which dictates how 

fast the equilibrium uptake is reached. The real time adsorption data at a pressure pf about 

0.2 bar were obtained using the IGA instrument to get insights into the adsorption kinetics 

on the ILs and the composite sorbents. Several kinetic models have been proposed in 

literature to quantitaivly describe the CO2 adsorption kinetics and understand the 

adsorption mechanism such as the pseudo-first order (equation 6.1) and the pseudo-second 

order (equation 6.2) models.  

𝐪 = 𝐪𝐬 (𝟏 − 𝐞𝐱𝐩−𝐤𝟏 𝐭)                                 (6.1) 

𝑞 = 𝑞𝑠  (1 −
1

1+𝑞𝑠 𝑘2 𝑡
)                                 (6.2) 

In addition to, Avrami’s model (equation 6.3) which was found to accurately fit the CO2 

adsorption kinetics in diamine@montmorillonite composites [16]. 
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𝑞 = 𝑞𝑠 (1 − 𝑒𝑥𝑝−(𝑘𝐴 𝑡)𝑛𝐴 )                          (6.3) 

Where qs and q are the CO2 adsorption uptakes (wt.%) at equilibrium and at time t (min) 

respectively. While k1, k2, kA, and nA are the rate constants for each corresponding models. 

To quantify the goodness of the fitting, the coefficient of correlation (R2) for each model 

was calculated according to equation 6.4, where n is the number of experimental data, p is 

the number of parameters, qexp and qmodel are the experimental and measured CO2 uptake 

(wt.%). 

𝑅2 = 1 − [
∑ (𝑞𝑒𝑥𝑝−𝑞𝑚𝑜𝑑𝑒𝑙)

2𝑛
𝑖=1

∑ (𝑞𝑒𝑥𝑝−𝑞𝑚𝑜𝑑𝑒𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )
2𝑛

𝑖=1

] [
𝑛−1

𝑛−𝑝
]                          (6.4) 

1.18 Results and Discussions 

1.18.1 Characterization of the composite Sorbents 

The TGA analysis results for the composite sorbents impregnated with [bmim][Ac] and 

[pmim][Tf2N] are shown in Figure 0.1 and Figure 0.2 respectively. It can be noted that the 

bare MCM-41 and SBA-15 supports are thermally stable in the temperature range up to 

800 oC with no observed weight loss in this region which could be ascribed to the hexagonal 

ordered structures of these materials [17]. On the other hand, [bmim][Ac] has a 

decomposition temperature around 230 oC while [pmim][Tf2N] has decomposed at around 

430 oC which are in agreement with previous studies on the thermal stability of ILs [18]. 

The relatively higher thermal stability of the [Tf2N] anion compared to [Ac] correlates 

with the anion hydrophobicity, since it reflects the strength of the hydrogen bonding 

capacity of the IL [19]. Furthermore, it was previously found that the decomposition of 

[bmim][Ac] is initiated by proton abstraction which releases acetic acid, while the 
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decomposition of [Tf2N] into a more nucleophilic groups, such as NH2 and F was observed 

[18]. As can be seen in Figure 0.1 and Figure 0.2, the IL-impregnated samples has shown 

a minor weight loss of about 2-3 wt.% around 100 oC which could be ascribed to the 

evaporation of the remaining ethanol solvent used in the synthesis of the composites as 

well as the desorption of moisture and the pre-adsorbed gases from the atmosphere. 

According to Table 0.1, the total weight loss recorded for all the samples is in close 

agreement with the nominal starting IL loading for all the composite sorbents studied 

indicating the successful incorporation of the ILs into the porous structures of MCM-41 

and SBA-15. The slight deviations between the starting IL loadings and the actual loadings 

obtained from TGA results could be justified by the errors in the measurement of the weight 

of ILs and the solid support as well as the IL losses to the walls of the scintillation vials 

used in the synthesis of the composite sorbents. 
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Table 0.1 Decomposition temperatures and weight loss values for the different composite materials, where Tonset 

is the derivative decomposition temperature 

Sample name Tonset  (
oC) Total weight loss wt.% at 800 

oC 

[bmim][Ac] 230 100 

[bmim][Ac]@MCM-30% 195 38.2 

[bmim][Ac]@MCM-50% 200 52.0 

[bmim][Ac]@MCM-60% 203 60.0 

[bmim][Ac]@SBA-30% 230 33.3 

[bmim][Ac]@SBA-50% 202 51.8 

[bmim][Ac]@SBA-60% 203 62.5 

[pmim][Tf2N] 430 100 

[pmim][Tf2N]@MCM-30% 390 36.3 

[pmim][Tf2N]@MCM-50% 395 45.5 

[pmim][Tf2N]@MCM-60% 400 65.2 

[pmim][Tf2N]@SBA-30% 405 35.1 

[pmim][Tf2N]@SBA-50% 408 54.8 

[pmim][Tf2N]@SBA-60% 410 67.0 

  

A closer look at the derivative weight loss profiles and the values of Tonset presented in 

Table 0.1, indicates that the decomposition temperature of the composite sorbents is about 

30 oC lower than the bulk [bmim][Ac] and [pmim][Tf2N]. Furthermore, the thermal 

stability of the composite sorbents has improved proportional to the IL loading in the 

composite. For instance, the bulk [bmim][Ac] recorded a sharp decomposition peak at 

around 230 oC, whereas the Tonset for [bmim][Ac]@MCM-30% was 195 oC, which further 

increased by 5 oC and 10 oC for [bmim][Ac]@MCM-50% and [bmim][Ac]@MCM-60% 

respectively. This observation indicates that IL loaded into solid supports has a different 

thermal decomposition mechanism than the counterpart bulk ILs similar to our previous 
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findings for acetate based ILs supported on ZIF-8 [15]. Furthermore, as the IL loading 

increases in the composite material, the thermal decomposition limits shift toward higher 

temperatures and closer to the bulk ILs. This could be attributed to the increased thickness 

of ILs on the support as IL loading increases which in turn decreases the interfacial 

interactions of the IL layer with the support surface [20]. According to observations in 

Table 0.1, the impregnation ratio of IL has a great impact on the thermal stability limits for 

supported ILs sorbents. At low IL loadings the formation of a thin layer of ILs on the 

surface of mesoporous silica supports is responsible for the higher impacts on thermal 

stability limits while the impregnation of more ILs leads to weakly bonded IL layers to the 

support and hence, showing a thermal stability behaviors similar to the bulk ILs. Therefore, 

in addition to the nature of the cation and anion, the IL loading could also be used to control 

the thermal stability limits of composite sorbents. Moreover, the thermal decomposition 

was found to take place over a narrower temperature region for the composite with low IL 

loadings while, the decomposition has spanned over a wider temperature region for the 

higher IL loadings. The observed difference in the thermal stability limits between the bulk 

ILs and the impregnated ILs dictates the presence of certain IL-support interactions. 

Babucci et al. [21] has conducted a study on 33 imidazolium based ILs supported on SiO2, 

γ-Al2O3, and MgO to understand the factors influencing thermal stability limits on 

supported ILs. Their findings indicated that the surface acidity of the solid support and the 

IL Lewis basic character of the anion are the main factors affecting the interionic 

interactions and consequently the thermal stability limits of supported ILs. For [bmim][Ac] 

supported on SiO2, it was found that the Tonset was about 191 oC, which are close to values 

obtained in this work.  
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Figure 0.1 TGA thermograms of [Bmim][Ac]@MCM-41 (a) and [Bmim][Ac]@SBA-15 (b) prepared at different 

IL loadings. 

 

Figure 0.2 TGA thermograms of [pmim][Tf2N]@MCM-41 (a) and [pmim][Tf2N]@SBA-15 (b) prepared at 

different IL loadings. 

Mesoporous silica based materials such as MCM-41 and SBA-15 are known to have a 

stable crystal structure made of hexagonal long pores [22]. Figure 0.3 displays the XRD 

patterns of MCM-41 and SBA-15 impregnated with [bmim][Ac] at different IL loadings. 

It could be noted that all the impregnated composites has shown a similar XRD patterns to 

the MCM-41 and SBA-15 supports. This indicated that the hexagonal order of MCM-41 

and SBA-15 remained intact after the impregnation of [bmim][Ac] into their pores with no 

observed loss in crystallinity. We have reported similar findings for [bmim][Ac] 

incorporated into a 3D frameworks of ZIF-8 using similar synthesis strategy [15]. A 

previous study for the comparison between chemical grafting and incipient wetness 
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synthesis methods for the preparation of ILs-modified silica, concluded that textural and 

morphological changes were highly pronounced in covalently grafted supports in contrast 

to physical synthesis approaches [23]. The stable crystal structures of MCM-41 and SBA-

15 supports after the incorporation of ILs dictates that, a solvent recovery procedure could 

be utilized to remove the ILs from the pores in order to impregnate fresh ILs after long 

term use without any losses in the solid characteristics [24]. 

 

Figure 0.3 XRD pattern of [Bmim][Ac]@MCM-41 (a) and [Bmim][Ac]@SBA-15 (b) sorbents at different IL 

loadings. 

To obtain information regarding the porosity and textural properties of the composite 

sorbents, the N2 adsorption-desorption experiments were performed and the results are 

displayed in Figure 0.4 and Figure 0.5. It can be noted that MCM-41 and SBA-15 displayed 

high BET surface areas identical to mesoporous silica based materials with type IV 

according to the IUPAC classification scheme [22]. The measured pore volumes and 

surface areas of MCM-41 and SBA-15 presented in Table 0.2 were similar to values 

reported in literature which dictates that SBA-15 possess higher pore volume compared to 

MCM-41 while the surface area for MCM-41 was higher due to its smaller pore diameters 

compared to SBA-15 (3 nm for MCM-41 and 11 nm for SBA-15) [23]. Furthermore, 
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impregnation of 30 wt.% [bmim][Ac] into MCM-41 has resulted in a 65% decrease in BET 

surface area while a 70% decrease was observed for [bmim][Ac]@SBA-30%. These values 

are indicative of the successful incorporation into the pores of both MCM-41 and SBA-15. 

According to pore characteristics data presented in Table 0.2, the composites prepared at 

50 wt.% and 60 wt.% [bmim][Ac] loadings has shown a dramatic decrease in the available 

surface area and pore volume. The loss of porosity at higher [bmim][Ac] loadings observed 

in Table 0.2, could be correlated to the pore filling and blockage of small pores during the 

impregnation and solvent evaporation steps. The pore volume fraction of ILs in the pores 

(volume occupancy %) were calculated as the difference between the pore volumes of the 

pristine solid and the IL-impregnated composites with respect to the bare solid supports. 

The pore filling was about 99% and 97% for 60 wt.% [bmim][Ac] encapsulated into MCM-

41 and SBA-15 respectively. Similar observations was reported for polyethenimine-

impregnated halloysite nanotubes [25] and other ILs-incorporated into metal organic 

frameworks (MOFs) [15]. 

 

Figure 0.4 N2 adsorption-desorption isotherms at 77 K of [Bmim][Ac]@MCM-41 (a) and [Bmim][Ac]@SBA-15 

(b) sorbents at different IL loadings. 
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Figure 0.5 Pore Size Distribution of of [Bmim][Ac]@MCM-41 (a) and [Bmim][Ac]@SBA-15 (b) sorbents at 

different IL loadings. 

As shown in Table 0.2, the thickness of the IL layer was calculated and presented for all 

the composite sorbents. The small thickness layer of ILs indicates that only few molecular 

monolayers of [bmim][Ac] is deposited as a thin film over the surface of MCM-41 and 

SBA-15 [26]. Bovio et al. [20] has shown that [bmim][Tf2N] rearranges in a solidlike 

phase on the surface of solid supports as was observed using atomic force microscopy. 

Furthermore, as the thickness of the IL layer decreases, the extent of the interionic 

interactions between the solid support and the ILs becomes higher as reported by Babucci 

and coworkers [26], which explains our observations of the thermal stability limits 

variation with the IL loading discussed earlier. The relatively higher IL layer thickness for 

the case of SBA-15 compared to MCM-41 could be ascribed to the larger pore volume and 

average pore sizes of SBA-15 [23], however this higher IL layer thickness could result in 

lesser interionic interactions between the IL and the SBA-15 support in comparison with 

ILs-modified MCM-41. 
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Table 0.2 Surface area, pore volumes, and estimated IL layer thickness for [Bmim][Ac]@MCM-41 and 

[Bmim][Ac]@SBA-15 composites 

Sample name BET 

surface 

area 

(m2/g) 

Langmuir 

surface 

area 

(m2/g) 

Total 

pore 

volume 

(cm3/g) 

IL layer 

thickness* 

(nm) 

Pore 

occupancy 

(%) 

MCM-41 1073.4 1278.5 0.92 0 0 

[bmim][Ac]@MCM-30% 375.8 705.5 0.13 0.74 85.8 

[bmim][Ac]@MCM-50% 2.1 4.6 0.03 0.83 96.7 

[bmim][Ac]@ MCM-60% 1.2 2.2 0.01 0.85 98.9 

SBA-15 863.9 1220.2 1.22 0 0 

[bmim][Ac]@SBA-30% 237.6 344.8 0.63 0.68 48.4 

[bmim][Ac]@SBA-50% 30.2 46.1 0.24 1.13 80.3 

[bmim][Ac]@ SBA-60% 7.3 11.4 0.04 1.37 96.7 

*thickness of IL layer  = (𝑉𝑝𝑜𝑟𝑒,𝑠𝑢𝑝𝑝𝑜𝑟𝑡 − 𝑉𝑝𝑜𝑟𝑒,𝐼𝐿)/𝐵𝐸𝑇𝑠𝑢𝑝𝑝𝑜𝑟𝑡 

 

In order to understand the interactions between the ILs and the surface of MCM-41 and 

SBA-15, we measured the FTIR spectra of the pristine supports, the [bmim][Ac] ionic 

liquid, and the composite materials as presented in Figure 0.6. Most of the IR spectra in 

the low frequency region are attributed to the anion while the cation fingerprints are 
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displayed in the higher frequency region of the FTIR spectra. The [Ac] anioin (C=O and 

C-O) combined peaks are shown at 1379 cm-1 and 1578 cm-1. The major IR bands for 

[bmim][Ac] are at 600 cm-1 and 750 cm-1 which corresponds to the C-H bending and 

rocking vibrations respectively whereas the IR band at around 1643 cm-1 is ascribed to the 

C=N vibrations of the imidazole ring. Furthermore, the IR bands for [bmim][Ac] at 2962 

cm-1 and 2875 cm-1 are assigned to the asymmetric and symmetric stretching vibrations of 

the aliphatic C-H in the butyl chain of the imidazolium cation, whereas the IR band for the 

C-H stretching vibrations of the imidazole group appeared at a higher wavenumber of 3149 

cm-1. Detailed assignment of the FTIR spectra for [bmim][Ac] could be viewed in a 

previous work by Yesudass and coworkers [27]. According to Figure 0.6 (a), using a 

magnified version of the FTIR spectra to exactly locate the peaks, it was noted that all the 

major IR bands of the bulk [bmim][Ac] were present in the IL-impregnated samples. 

Interestingly, slight shifts in the IR band positions were observed, for instance, the IR band 

attributed to the [bmim] cation at 1173 cm-1 has shifted backward by about 9 cm-1, and 

similarly the IR band for C=O has shifted backward by 7 cm-1. On the other hand the IR 

bands at 1379 cm-1 and 2962 cm-1 were detected at a higher wave number (6 cm-1 higher) 

compared to the bulk [bmim][Ac]. Similar shifts were observed for [bmim][Ac]@SBA-15 

however, the magnitude of the shifts were less than the values recorded for 

[bmim][Ac]@MCM-41 composites. These shifts in the IR bands confirm the presence of 

interionic interactions between the IL and the surface of MCM-41 and SBA-15. In a 

previous attempt to elucidate these observations for the case of [bmim][BF4] supported on 

SiO2, it was proposed that the imidazolium ring interacts with the surface of the SiO2 

resulting in the weakening of the interionic forces within the [bmim][BF4] ionic liquids 
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and consequently the B-F bond of the [BF4] anion becomes stronger [26]. Furthermore, a 

model was developed that correlates the shifts in the IR bands of C2H with the thermal 

stability limits of the supported ILs. In this study, the IR band attributed to the [bmim] 

cation (1173 cm-1) has shifted to the lower wavenumber region by about 9 cm-1 and 7 cm-

1 for [bmim][Ac]@MCM-41 and [bmim][Ac]@SBA-15 composites respectively, while 

the fingerprints of the [Ac] anion at 1578 cm-1 and 1379 cm-1 has also seen slight shifts. 

Overall, these shifts indicate that both the [bmim] and the [Ac] anion interact with the 

surface of MCM-41 and SBA-15 in different manners. The postulation that the [bmim] 

cation interacts with the surface of the support seems viable in our case due to the presence 

of hydroxyl groups attached to the Si atom on the internal surface of the MCM-41 and 

SBA-15 pores, which could act as anchoring sites for the attachment of the [bmim] cation 

leaving the [Ac] anion with more flexibility to reside inside the pore than on the surface. 

Further investigation is still required to understand the surface phenomenon at the IL-

support interface. Moreover, support pretreatments to facilitate the anchorage of the IL to 

the support’s surface could be a possible approach to control the distribution of the ILs on 

the surface and fine-tune the structure to achieve the required properties. 
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Figure 0.6 FTIR spectra of [Bmim][Ac]@MCM-41 (a) and [Bmim][Ac]@SBA-15 (b) in the wave number range 

from 500 to 4000 cm-1. 

1.18.2 CO2 Uptake of the IL-incorporated mesoporous silica 

The CO2 adsorption capacity of the IL-impregnated mesoporous silica MCM-41 and SBA-

15 composites was evaluated gravimetrically at different temperatures (303.15, 313.15, and 

323.15 K) up to 10 bar. Figure 0.7 and Figure 0.8 shows the CO2 adsorption isotherms for 

[bmim][Ac] incorporated into MCM-41 and SBA-15 respectively. It can be clearly seen 

that the introduction of [bmim][Ac] into mesoporous silica materials has shown a 

significant increase in the CO2 uptake especially in the low CO2 concentration region due 

mainly to the strong interaction of CO2 with the incorporated [bmim][Ac]. As demonstrated 

by the isotherm profiles, the IL-modified samples has shown a remarkably higher CO2 

uptake compared to the bare MCM-41 and SBA-15 supports up to 2 bar while, the parent 

MCM-41 and SBA-15 has the upper-trend at pressures higher than 2 bar due to the fact 

that at low pressures the adsorption on the IL-modified samples was chemical in nature, 

while physical adsorption within the hexagonal pores of the mesoporous silica was the 

main mechanism for the CO2 uptake at higher pressures. Moreover, the available surface 

area and pore volume dictates the extent of the CO2 uptake at higher pressures and hence 
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the impregnated samples possess lower porosity, their CO2 uptake diminished at pressures 

higher than 2 bar. As the [bmim][Ac] loading increased from 30 wt.% and above, higher 

CO2 uptakes can be seen in the low pressure zone (about 0.2 bar). Such trends have been 

observed for the case of ILs-incorporated ZIF-8 sorbents [15], and for TSILs-modified 

silica supports [22]. The high affinity of the [bmim][Ac]-incorporated samples toward CO2 

is ascribed to the chemisorption interaction between the acidic carbon of the CO2 with the 

carboxylate group of the [Ac] anion which induces an acid/base solvation mechanism [28]. 

 

Figure 0.7 CO2 equilibrium uptake of [bmim][Ac]@MCM-41 composites at different temperatures (a & b) 

303.15 K, (c & d) 313.15 K, and (e & f) 323.15 K. 
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Figure 0.8 CO2 equilibrium uptake of [bmim][Ac]@SBA-15 composites at different temperatures (a & b) 303.15 

K, (c & d) 313.15 K, and (e & f) 323.15 K. 

On the other hand, as shown in Figure 0.9 and Figure 0.10, the introduction of 

[pmim][Tf2N] into MCM-41 and SBA-15 did not show any improvements in the CO2 

uptake in the pressure and temperature range studied. Although, the TGA thermograms of 

the composite sorbents including [pmim][Tf2N] has confirmed the presence of the 

[pmim][Tf2N] in the composites, still no impact can be seen in the CO2 capacity. Evidently, 

due to the physical nature of the CO2 absorption in [pmim][Tf2N], the incorporation of this 

IL into mesoporous silica has resulted in a decrease in surface area while providing no 

significant contribution to creating new sorption sites hence the overall CO2 capacity of 
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these composites was less than the bare MCM-41 and SBA-15. Kumar and coworkers have 

conducted grand canonical Monte Carlo (GCMC) simulations to investigate the CO2 

capture performance of a pyrrolidinium-based IL with [Tf2N] anion incorporated into 

MCM-41 [29]. It was concluded that the introduction of 21 wt.% IL into the pores of MCM-

41 has resulted in an increase in the CO2 uptake compared to the unmodified MCM-41 

mainly due to an increase in the available surface area on the impregnated MCM-41 (1493 

m2/g compared to 1061 m2/g for MCM-41). However, no explanation was presented to 

explain the increase in the surface area upon incorporating ILs, which was in contradiction 

to trends observed in this study. The discrepancy between computational results and 

experimental observations propels the research efforts to understand the interactions 

between ILs and mesoporous silica supports, optimize the synthesis conditions, and use 

experimental results to fine-tune the force field parameters of the computational model 

calculations. 
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Figure 0.9 CO2 equilibrium uptake of [pmim][Tf2N]@MCM-41 composites at different temperatures (a & b) 

303.15 K, (c & d) 313.15 K, and (e & f) 323.15 K. 
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Figure 0.10 CO2 equilibrium uptake of [pmim][Tf2N]@SBA-15 composites at different temperatures (a & b) 

303.15 K, (c & d) 313.15 K, and (e & f) 323.15 K. 

Figure 0.11, shows the dependency of CO2 uptake on the IL loading for all the composite 

sorbents studied in this work. It can be seen that the CO2 uptake at 303 K for 

[bmim][Ac]@MCM-60% is almost five-fold that of the bare MCM-41 whereas, it was four 

times higher for the case of [bmim][Ac]@SBA-60% compared to SBA-15. A linear trend 

was observed for the CO2 capacity change with the [bmim][Ac] loading in MCM-41, while 

for the case of SBA-15, the sample prepared with 30 wt.% loading showed a slightly lower 

CO2 uptake compared to the pristine SBA-15, however a linear trend was retained for the 

other IL loadings. On the other hand, despite all the composites impregnated with 
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[pmim][Tf2N] showing less CO2 uptake than the corresponding solid supports, it was noted 

that the CO2 capacity of the 60 wt.% [pmim][Tf2N] was relatively higher compared to 30 

wt.% and 50 wt.% for both MCM-41 and SBA-15. 

 

Figure 0.11 Change in CO2 adsorption uptake versus IL loading at 0.2 bar and different temperatures for 

bmimAc@MCM-41 (a), bmimAc@SBA-15 (b), pmimTf2N@MCM-41 (c), and pmimTf2N@SBA-15 (d) 

composites 

1.18.3 Cyclic adsorption-desorption performance 

For investigating the multiple adsorption-regeneration cyclic performance of the ILs 

modified mesoporous silica sorbents, the adsorption-desorption cycles for 

[bmim][Ac]@MCM-50% and [bmim][Ac]@SBA-50% are shown in Figure 0.12 and 

Figure 0.13 respectively. The adsorption was performed at 303 K and atmospheric pressure 

while the regeneration was conducted by heating the sample at 373 K under N2 flow. It was 

seen that no obvious changes in the CO2 uptake was observed for the two composite 
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sorbents up to 10 adsorption-desorption cycles. Prior to performing the adsorption process, 

the IL modified samples were heated at 373 K for 2 hours to remove moisture and any 

adsorbed gases. The impregnated samples has shown a stable cyclic performance 

indicating that the CO2 adsorption in the IL modified samples was reversible and that the 

samples retained their full adsorption characteristics after the regeneration step. 

Furthermore, both the adsorption and desorption rates in the composite sorbents were 

significantly fast despite the fact that CO2 absorption kinetics in the bulk [bmim][Ac] is 

very slow, as will be discussed in the next section. Zhu et al. [11] reported a loss of 2% and 

6% in CO2 capacity after 6 adsorption-desorption cycles for IL modified silica gel sorbents 

prepared by a chemical grafting and impregnation-evaporation synthesis methods 

respectively, indicating that chemical grafting approach leads to a more stable composites. 

However, according to our observations no noticeable loss in the CO2 capacity was seen 

up to 10 adsorption-desorption cycles for the two composite sorbents studied. 

 

Figure 0.12 Cyclic adsorption-desorption performance of [bmim][Ac]@MCM-50% at 1 bar and 303 K showing 

the adsorption/desorption kinetics (a) and the equilibrium CO2 capacity (b) 
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Figure 0.13 Cyclic adsorption-desorption performance of [bmim][Ac]@SBA-50% at 1 bar and 303 K showing 

the adsorption/desorption kinetics (a) and the equilibrium CO2 capacity (b) 

1.18.4 Kinetics of CO2 Adsorption  

The CO2 adsorption rate in the composite sorbents was evaluated using gravimetric CO2 

uptake data at different temperatures. According to Figure 0.14, the equilibrium CO2 

uptake was higher in the IL-modified samples compared to the bare silica supports, as 

discussed earlier. Furthermore, the initial CO2 adsorption rate increased proportional to the 

[bmim][Ac] loading in the composite whereas the time required to reach equilibrium was 

longer at higher loadings. The adsorption kinetics in the bulk [bmim][Ac] is presented in 

Figure C.1, which clearly indicates that the absorption process is substantially slow in the 

acetate-based ILs with about 600 minutes needed to reach the equilibrium CO2 uptake at 

0.2 bar and 303K. Therefore, as the [bmim][Ac] loading in the composite sorbents 

increased, the time required to reach equilibrium has increased accordingly. However, less 

than 30 minutes was required for the impregnated samples to reach the sorption saturation 

capacity, which is considerably fast compared to the bulk [bmim][Ac]. The significantly 

higher initial CO2 absorption rate recorded for the ILs-immobilized sorbents could be 

ascribed to the presence of a high density [bmim][Ac] sites on the surface of the 
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mesoporous silica supports possessing enhanced affinity toward CO2 acting as 

instantaneous CO2 capture spots. Ren and coworkers [30] have studied the CO2 adsorption 

kinetics in amino acid TSILs supported into porous silica particles at various ILs loading. 

The bulk N-(3-aminopropyl)aminoethyl tributylphosphonium amino acid salts has shown 

an extremely sluggish absorption rate reaching 0.66 (mol CO2/mol IL) in about 5 hours. In 

contrast, the supported TSILs exhibited a dramatically enhanced sorption rate with only 60 

minute time elapsed to reach the equilibrium uptake. The improvements in the adsorption 

kinetics for supported ILs compared to bulk ILs could be explained by the formation of IL 

layers on the support’s porous structures which intensifies the mass transfer rate of CO2 in 

ILs. As the IL loading increases, the thickness of the IL layer increases, and consequently, 

the diffusion resistances becomes more pronounced leading to a slower sorption rates 

which explains the trends observed in Figure 0.14. The immobilization of [emim][Ac] into 

polyethylene amines (PEI) impregnated SBA-15 (PEI@SBA-15) has resulted in a 

simultaneously improved CO2 capacity and sorption kinetics due to minimized diffusion 

barriers, rendering ILs as promising additives to enhance the adsorption rates in amine-

impregnated sorbents [31]. The adsorption kinetics for [bmim][Ac]-modified MCM-41 and 

SBA-15 at different temperatures were correlated with three kinetic models as presented 

in Figure C.2 to Figure C.7. A closer look at the model predictions shows that amongst all 

three models, the pseudo-first order expression was found to accurately fit the experimental 

kinetics as reflected by correlation coefficient (R2) close to unity as reported in Table 0.3 

and Table 0.4. The pseudo-first order model is a characteristic of fast adsorption kinetics 

controlled by the presence of adsorption sites with strong affinity toward CO2 which is 

[bmim][Ac] in this case. It can be noted form the sorption kinetics data that the increase in 
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temperatures has resulted in a faster adsorption rates. For instance for [bmim][Ac]@MCM-

50% the CO2 saturation capacity was reached after about 30 minutes at 303 K, while a 

shorter equilibrium time of 15 minutes and 12 minutes were needed at 313 K and 323 K 

respectively, which could be due to the effect of temperature on increasing the molecular 

kinetic energies [32]. However, the pseudo-first order model was found to show slight 

deviations from the experimental data at higher CO2 coverages possibly attributed to the 

diminishing role of the [bmim][Ac] active sites for CO2 adsorption, a situation similar to 

previous observations for amine-functionalized silica sorbents [33].  

 

Figure 0.14 CO2 adsorption kinetics on (a) [bmim][Ac]@MCM-41 and (b) [bmim][Ac]@SBA-15 composites at 

0.2 bar and 303 K. 
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Table 0.3 Kinetic models parameters for [bmim][Ac]@MCM-41 composites at different temperatures 

T (oC) sample 1st Order 2nd Order Avrami 

k1 R2 k2 R2 kA nA R2 

30 oC 
[bmim][Ac]@MCM-30% 0.20 0.999 0.25 0.991 0.21 0.98 0.991 

[bmim][Ac]@MCM-50% 0.20 0.999 0.15 0.992 0.20 0.98 0.992 

[bmim][Ac]@MCM-60% 0.20 0.999 0.12 0.987 0.17 1.04 0.997 

40 oC 
[bmim][Ac]@MCM-30% 0.49 0.999 0.98 0.996 0.46 1.04 0.993 

[bmim][Ac]@MCM-50% 0.52 0.999 0.67 0.997 0.58 0.91 0.923 

[bmim][Ac]@MCM-60% 0.45 0.999 0.42 0.997 0.56 0.84 0.860 

50 oC 
[bmim][Ac]@MCM-30% 0.75 0.999 2.7 0.991 0.86 0.88 0.891 

[bmim][Ac]@MCM-50% 0.78 0.999 1.78 0.999 1.10 0.67 0.920 

[bmim][Ac]@MCM-60% 0.45 0.999 0.42 0.997 0.56 0.84 0.860 
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Table 0.4 Kinetic models parameters for [bmim][Ac]@SBA-15 composites at different temperatures 

T (oC) sample 1st Order 2nd Order Avrami 

k1 R2 k2 R2 kA nA R2 

30 oC 
[bmim][Ac]@SBA-30% 0.40 0.999 1.90 0.997 0.59 0.71 0.721 

[bmim][Ac]@SBA-50% 0.19 0.999 0.22 0.987 0.16 1.10 0.991 

[bmim][Ac]@SBA-60% 0.20 0.999 0.12 0.987 0.17 1.04 0.997 

40 oC 
[bmim][Ac]@SBA-30% 0.73 0.999 6.0 0.997 1.50 0.40 0.623 

[bmim][Ac]@SBA-50% 0.52 0.999 1.1 0.997 0.71 0.75 0.723 

[bmim][Ac]@SBA-60% 0.37 0.999 0.42 0.996 0.50 0.77 0.736 

50 oC 
[bmim][Ac]@SBA-30% 1.08 0.999 2.85 0.991 2.3 0.30 0.691 

[bmim][Ac]@SBA-50% 0.84 0.999 3.12 0.999 1.33 0.60 0.980 

[bmim][Ac]@SBA-60% 0.56 0.999 1.12 0.998 1.06 0.52 0.960 

 

Nevertheless, the pseudo-first order model is still considered an attractive model mainly 

due to its simplicity, and the possibility of using the pseudo-first order rate constant to 

predict microporous diffusivity coefficient according to equation 6.5 [34]. 

𝑘1 = 15
 𝐷𝑠

𝑟𝑝
2                                                   (6.5) 

Where Ds is the diffusvity coefficient and rp is the radius of the sorbent particle.  
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Other kinetic models such as Fickian diffusion model (equation 6.6) [35] could also be 

used to estimate the diffusion coefficient. As can be seen in Table 0.5, a comparison 

between the two diffusivity values, indicates that the pseudo-first order model present 

reasonable predictions compared to Fickian model especially at low temperatures. The 

diffusivity coefficients obtained for the [bmim][Ac]-modified silica supports were in the 

same order of magnitude as NaY but one order of magnitude less than triamine-

impregnated MCM-41 at the same temperatures [36]. 

q = qs  (1 −
6

𝜋2
∑ exp∞

𝑛=1 [−𝑛2𝜋2  𝐷𝑠

𝑟𝑝
2 𝑡])          (6.6) 

Moreover, the adequate fitting of the pseudo-first order model to the adsorption rates for 

the [bmim][Ac]-impregnated samples, the activation energy for the CO2 adsorption was 

calculated using Arrhenius model (equation 6.7), and the linearized Arrhenius model 

(Figure C.8) has shown a reasonably good fit to the data. 

𝑘1 = 𝐴0 exp (
−𝐸𝑎

𝑅 𝑇
)                               (6.7) 

The values of activation energy obtained for [bmim][Ac]@MCM-41 composites were 

between (20-24) kJ/mol, while lower values were calculated for [bmim][Ac]@SBA-15. 

The activation energy values estimated in this work were almost double those reported for 

amine-modified layered double hydroxides [37]. This discrepancy could be explained by 

the sensitivity of the slope calculated from the linearized Arrhenius model, which could 

significantly deviate for slight differences in the values of the pseudo-first order rate 

constants. 
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Table 0.5 Comparison between 𝑫𝒔/𝒓𝒑
𝟐  values obtained using pseudo-first order and Fickian models 

sample 30 oC 40 oC 50 oC 

𝑫𝒔/𝒓𝒑
𝟐(1/s) 

from 

Pseudo-first 

order model 

𝑫𝒔/

𝒓𝒑
𝟐(1/s) 

from 

Fickian 

model 

𝑫𝒔/

𝒓𝒑
𝟐(1/s) 

from 

Pseudo-

first 

order 

model 

𝑫𝒔/

𝒓𝒑
𝟐(1/s) 

from 

Fickian 

model 

𝑫𝒔/

𝒓𝒑
𝟐(1/s) 

from 

Pseudo-

first 

order 

model 

𝑫𝒔/

𝒓𝒑
𝟐(1/s) 

from 

Fickian 

model 

[bmim][Ac]@MCM-30% 1.98*10-4 2.3*10-4 5.50*10-4 5.40*10-4 7.6*10-4 8.3*10-4 

[bmim][Ac]@MCM-50% 1.90*10-4 2.21*10-4 5.10*10-4 5.70*10-4 5.00*10-4 8.67*10-4 

[bmim][Ac]@MCM-60% 2.07*10-4 2.17*10-4 4.30*10-4 5.04*10-4 5.10*10-4 7.10*10-4 

[bmim][Ac]@SBA-30% 4.45*10-4 3.00*10-4 3.30*10-4 8.10*10-4 3.0*10-4 11.0*10-4 

[bmim][Ac]@SBA-50% 2.10*10-4 2.04*10-4 5.70*10-4 5.60*10-4 9.30*10-4 9.40*10-4 

[bmim][Ac]@SBA-60% 1.80*10-4 1.80*10-4 3.93*10-4 4.14*10-4 2.60*10-4 6.50*10-4 

 

1.18.5 Modeling the CO2 adsorption isotherms  

In this section we aim to model the equilibrium adsorption isotherm data of the IL-modified 

mesoporous silica sorbents. The composite sorbents have displayed a unique adsorption 

characteristics showing an immediate increased CO2 uptake at low pressures and a 

moderate CO2 uptake at higher pressures due to the presence of two distinctive adsorption 

sites, one is the impregnated IL working at low pressures, and the other is the available 

pore volume of the mesoporous silica support acting as the major adsorption mechanism 

at high pressures. Such degree of heterogeneity in the sorbent’s surface energy should be 

reflected in the equilibrium isotherm modeling. Freundlich isotherm model (equation 8)  
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with the assumption of exponential distribution of the surface energy between the adsorbate 

and the sorbent has been applied in the past to model adsorption processes on amine-

impregnated and IL-modified solid materials showing adequate fitting to the experimental 

data [11]. 

qe = K P1/m                                                         (6.8) 

Where, qe is the CO2 uptake (mmol/g) at equilibrium, P is the pressure (bar), K is the 

Freundlich model constant which represent the extent of the adsorption quantity, and m is 

a constant that represents the adsorbate-sorbent binding energy.  

The fitting curves for the different composite sorbents are presented in Figures C.9-C.12, 

which shows a satisfactory correlation between the experimental data and the Freundlich 

model predictions. The Freundlich isotherm parameters at different temperatures for 

[bmim][Ac] impregnated into MCM-41 and SBA-15 are displayed in Table C.1 and Table 

C.2 respectively, while the fit parameters for [pmim][Tf2N] modified samples are shown 

in Table C.3 and Table C.4 for MCM-41 and SBA-15 respectively. It can be observed that 

the values of parameter (K) decreases as the temperature increases for all the IL-modified 

samples, which dictates that the CO2 uptake is more favorable at lower temperatures. 

Furthermore, the increase in [bmim][Ac] loadings consequently resulted in an increase in 

the values of parameter (K) due to the higher CO2 uptake at higher [bmim][Ac] loadings. 

On the other hand, since the impregnation of [pmim][Tf2N] did not show any 

improvements in the CO2 capacity of the silica based sorbents, the impregnated samples 

displayed a lower K values compared to the bare silica support. In general, the change in 

the values of parameter (K) followed a similar trend of the impact of IL loadings on the 
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CO2 uptake shown in Figure 0.11. Zhu and coworkers [11] reported that an increase in the 

IL loading for [emim][TFSI]@SiO2 composite from 20 wt.% to 50 wt.% has resulted in a 

drop in the K value by about 50% mostly due to the lower CO2 capacity at higher 

[emim][TFSI] loadings, which is not the case for [bmim][Ac] modified samples observed 

in this work. The surface heterogeneity of the sorbent material is characterized by the value 

of parameter (m), and it was found that for the pristine MCM-41 and SBA-15 a value close 

to unity was observed, however higher values of (m) were obtained for the [bmim][Ac]-

modified samples. The surface heterogeneity index (m) has increased up to 4 for composite 

sorbents prepared with 60 wt.% [bmim][Ac] loading, indicating the strong binding energy 

between CO2 and the sorbent material whereas samples impregnated with [pmim][Tf2N] 

did not see any increase in the value of (m). This implies that, when [bmim][Ac] ILs are 

present inside the porous structures of mesoporous silica supports, they create surface sites 

with high affinity toward CO2 compared to the surface of the unmodified silica, therefore 

resulting in a more heterogeneous surface and higher heterogeneity index values. 

1.18.6 Isosteric enthalpy of adsorption 

The isosteric enthalpy of adsorption (Qst) is a critical parameter that reflects the distribution 

of surface energy and the magnitude of the binding force between the sorbate molecule and 

the sorbent surface during the adsorption process, therefore it’s considered to be a sensitive 

probe of adsorption heterogeneity (surface structure) and a crucial factor in designing and 

operating the adsorption process. The isosteric heat of adsorption can be obtained from the 

experimental isotherm data at different temperatures using the Clausius–Clapeyron 

equation (Equation 6.9).  
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Qst = R [
∂Ln P

∂(
1

T
)

]
qe

                                                         (6.9) 

where T is the absolute temperature (K) and R is the universal gas constant (8.314 J/mol·K) 

[7]. Upon the integration of Equation 6.9, the values of Qst could be calculated from the 

slopes of ln(p) vs. 1/T at a specific surface coverage with the aid of Freundlich isotherm 

model to obtain an expression of pressure versus CO2 loading. The curves of ln(p) vs. 1/T 

at various CO2 coverages for [bmim][Ac] incorporated into MCM-41 and SBA-15 are 

shown in Figure C.13 and Figure C.14 respectively showing a linear trend indicating the 

applicability of Clausius–Clapeyron equation and Freundlich models to predict the 

isosteric heat of adsorption. Figure 0.15 displays the values of Qst for mesoporous silica 

supports impregnated with [bmim][Ac]. It can be seen that for the unmodified MCM-41 

and SBA-15, the Qst values were almost constant at a value of about 20 kJ/mol typical to 

similar solid sorbents with the main adsorption mechanism being the physical adsorption 

on the available pore volume and internal surface area of the sorbent. Similar values were 

reported elsewhere for mesoporous silica sorbents [8]. As can be seen in Figure 0.15, the 

encapsulation of [bmim][Ac] into the mesoporous silica supports seems to considerably 

enhance the Qst at low CO2 loadings, mainly attributed to the higher activity of the 

[bmim][Ac] ILs as binding sites for CO2 adsorption at low pressures through a 

chemisorption mechanism, as indicated by the swift rise in the CO2 uptake observed at low 

pressures (Figure 0.7 and Figure 0.8). However, as all the impregnated [bmim][Ac] sites 

are consumed, the adsorption proceeds via physical interactions between the CO2 

molecules and the available surface area on the mesoporous silica supports. The Qst has 

decreased significantly to approach those of the parent supports, reflecting the high degree 
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of heterogeneity of surface energy levels. Similar trend were observed by Belmabkhout et 

al. [8] for the case of triamine-modified MCM-41 sorbents and other ILs-modified SiO2 

supports [6]. It’s worthy to note that more experimental data are needed between 0-0.1 bar 

to obtain a better representations of the surface coverage at low pressures and acquire more 

accurate Qst values in the low CO2 loadings zone [15]. 

 

Figure 0.15 Isosteric heats of adsorption (Qst) of (a) [Bmim][Ac]@MCM-41, and (b) [Bmim][Ac]@SBA-15 

composites at different IL loadings. 

1.19 Conclusions 

This work provides insights into the impact of the nature of the mesoporous silica support, 

the type of the IL, the impregnation amount on the physicochemical properties, and the 

CO2 adsorption performance of supported ILs materials. The ILs and the thus prepared 

composite sorbents were well characterized using various characterization techniques to 

gain insights into their structural properties. The effect of impregnation amount, on the 

thermal stability limits of the as-synthesized composite sorbents was investigated using 

thermogravimetric analysis (TGA), and Fourier transform infrared spectroscopy (FTIR). 

According to TGA results, the thermal stability of the IL-modified silica sorbents was 

found to decrease by about 30 oC compared to the bulk corresponding ILs due to the 
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existence of interionic interactions between the immobilized ILs layer and the internal 

surface of the mesoporous silica supports, which was further supported by FTIR analysis. 

The extent of the interionic interactions was found to be a function of the thickness of the 

IL layers estimated from the N2 adsorption experiments at 77 K. The total pore volume and 

available BET surface areas was found to substantially decrease due to the incorporation 

of ILs into the porous structures of MCM-41 and SBA-15, with no changes in the textural 

properties as was confirmed by the XRD results. The gravimetric CO2 uptake was 

measured at different temperatures and IL loadings for the different composite materials, 

and it was concluded that, the immobilization of [bmim][Ac] into MCM-41 has improved 

the CO2 uptake by about 600% up to 0.85 mmol/g at 0.2 bar and 303 K for 

[bmim][Ac]@MCM-60%. The influence of the IL loading on improving the equilibrium 

CO2 capacity was more evident for the case of [bmim][Ac]@MCM-41 composites 

compared to [bmim][Ac]@SBA-15. Furthermore, the impregnation of [pmim][Tf2N] into 

the two mesoporous silica supports did not show any enhancement in the CO2 uptake 

regardless of the [pmim][Tf2N] concentration. In addition to improving the adsorption 

capacity, the rate of adsorption has tremendously increased compared to the bulk ILs at 

conditions relevant to post-combustion capture, mainly due to the excellent mass transfer 

characteristics of IL films. Moreover, the [bmim][Ac]-modified silica supports exhibited a 

substantial stability under multiple cycles of adsorption-regeneration processes, which 

demonstrates the potential of these composite sorbents in post-combustion CO2 capture 

applications. 
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Abstract 

In this work we proposed the idea of a hybrid slurry system of metal-organic framework 

(MOF) dispersed in an aqueous solution of monoethanolamine (MEA) and its application 

as CO2 capture materials. This novel process combines the merits of both the adsorption 

and absorption utilizing the high sorption capacity of the solid sorbents as well as the fast 

absorption of CO2 in the aqueous amines solutions. The two solid sorbents used are zeolitic 

imidazolate framework (ZIF-8) and a Cu-based MOF (HKUST-1) which have been 

characterized using various techniques including thermal gravimetric analysis (TGA), X-

ray diffraction (XRD), Fourier transfer infrared spectroscopy (FTIR), and porosity analysis 

using N2 adsorption-desorption experiment. The density of the slurries have been measured 

at different temperatures and it was revealed that an the density has increased with the 

addition of the solid particles in the aqueous MEA solution for both ZIF-8 and HKUST-1 

based slurries. The sorption isotherm of CO2 in ZIF-8@MEA and HKUST-1@MEA 

slurries at different solid loadings were measured, and the CO2 solubility for ZIF-8 based 

slurries was found to increase with increasing the ZIF-8 loading in the solution reaching 

1.68 mol/L at atmospheric pressure and 40 oC. To the best of our knowledge, this work 
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represents the first attempt to study the CO2 solubility using hybrid slurry solutions of 

MOFs suspended in an aqueous amine solution. The findings from this work lay the ground 

for future investigations into the deployment of MOFs to promote the CO2 capture 

efficiency of different aqueous amine solutions via a hybrid slurry system. 

KEYWORDS: ZIF-8, HKUST-1, aqueous amine, ZIF-8 slurry, CO2 solubility  

1.21 Introduction 

 A rapidly growing economy has contributed immensely to the current status of high energy 

demands and consequently the use of fossil fuel based energy sources. According to the 

greenhouse gases emission database, CO2 concentrations has exceeded the 400 ppm mark, 

and is projected to reach 600-1500 ppm by 2030 if no climate change mitigation policies 

were adopted [1]. Great efforts have been dedicated to the development of highly efficient 

and low-cost technologies for CO2 capture applications. These efforts aim to separate CO2 

from large emissions resources at lower costs to avoid the catastrophic repercussions of 

global warming and climate change caused by greenhouse gases emissions [2]. To date, 

various technologies have been investigated including adsorption-based technologies [3], 

cryogenic fractionation [4], membrane separation [5], and absorption into liquid solvents. 

The later has attracted wide attention mainly using aqueous alkanol amine solutions [6, 7]. 

Typical chemical solvents include monoethanolamine (MEA), diethanolamine (DEA), and 

piperazine (PZ). Nevertheless, this technology has high costs due to the energy-intensive 

amine regeneration process, and the high equipment corrosion [8]. This has propelled the 

research to find solutions to the challenges encountered with CO2 absorption in amines. 

Developing more efficient and innovative solvents based on alkanolamines has received 

much attention in the past to minimize energy requirements during the regeneration step 
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without sacrificing the CO2 solubility. The nature of amines used, amine concentrations, 

and physicochemical properties significantly influence the CO2 absorption rate and 

stripping energies due to the different chemical reaction series that can take place during 

the process [9]. Blending primary or a secondary amines with tertiary amines was proven 

successful to enhance the CO2 absorption solubility and kinetics while avoiding high heat 

duties and steam consumption in the solvent regeneration process [10]. As far as the 

process configuration is concerned, recently a new unit operation was conceptually 

proposed by the combination of both adsorption and absorption phenomenon in one 

process using a dispersion of solid sorbents in liquid solvents [11, 12]. Liu and coworkers 

[11] has firstly reported this technology using zeolitic imidazolate framework (ZIF-8) 

suspended in a solution of glycol-2-methylimidazole and reported a CO2 solubility of 1.25 

mol/L at 1 bar. Moreover, they have reported that the ZIF-8 slurry based solution can easily 

flow and be pumped through the piping system. The major aspect of the proposed ab-

adsorption process, is that solid sorbents such as metal organic frameworks (MOFs) could 

be utilized in CO2 capture without the use of conventional solid-adsorption process. As the 

slurry system can be pumped, the process could be carried out similar to liquid absorption 

process to benefit from the huge possibility of energy integration. In a similar work, Lei et 

al. [12] measured the CO2 solubility in a slurry mixture of ZIF-8 in [OMIM][Tf2N] and 

[OMIM][PF6] at different ZIF-8 loadings, and it was verified that both the CO2 solubility 

and working capacity has significantly increased due to the addition of ZIF-8. Following 

these two studies, more attention is recently paid to the slurry based gas separation 

technology, for instance Gomes et al. [13] using molecular dynamics simulations, has 

proven that suspensions of ZIF-8, HKUST-1, Mg-MOF-74 in phosphonium based ionic 



226 

 

liquids can create porous liquids that can absorb gases reversibly. In a similar work, 

molecular dynamics simulations has revealed that hydrogen bond networks of glycol 

molecules deposited on the surface of ZIF-8 as a film acted as a selective gate allowing for 

the absorption of CO2 while hindering the penetration of other gases (CH4 and N2) [14]. 

These observations explained the experimental results obtained for ZIF-8 suspended in 

water-glycol-2-methylimidazole slurries by the same group [15]. The slurry system 

prepared using 15-25 wt% ZIF-8 loading in 25 wt% 2-methylimidazole, 40 wt% water, and 

35 wt% glycol exhibited a total CO2 capacity of 1.6 mol/L at 1 bar and 313.15 K.  

Despite, the fact that the aforementioned slurry systems displayed improved CO2 solubility, 

MEA aqueous solutions are so far the most widely recognized chemical solvents used for 

CO2 capture from flue gases due to their superior CO2 capacity and fast kinetics. In this 

study, we aim to investigate the CO2 capture performance of a novel slurry system 

comprising the use of aqueous MEA solution and a suspension of ZIF-8 and HKUST-1 

particles. 

1.22 Experimental Work 

1.22.1 Materials 

Acetone (≥99.9 wt.%), MEA (≥99.5%), Zeolitic Imidazolate Framework (ZIF-8) under the 

commercial name Basolite Z1200, and HKUST-1 under the commercial name Basolite 

C300, were all purchased from Sigma Aldrich. ZIF-8 was activated overnight at 150 oC, 

whereas HKUST-1 was heated under vacuum at 100 oC overnight inside a glovebox 

(CleaTech LLC) filled with Argon gas to remove moisture and volatile impurities. Double 

distilled deionized water was used in the preparation of aqueous solutions. All gases used 
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in this study (CO2, N2) were ultra-high purity gases (99.999 wt. %), supplied by Praxair 

Inc. Canada. 

1.22.1.1 Sample preparation 

The 15 wt% aqueous MEA solution was prepared by mixing the desired amount of MEA 

and water under continuous stirring for 30 minutes at least prior to performing the CO2 

solubility experiments. The hybrid slurry solution of MOFs and aqueous MEA solutions 

was prepared by firstly mixing the MEA and water for 30 minutes, and then slowly adding 

the desired amount of ZIF-8 or HKUST-1 to the aqueous solution while stirring. The 

resulted ZIF-8@Aqueous MEA and HKUST-1@Aqueous MEA slurry solutions were 

mixed further for 1 hour to completely disperse the solid particles in the solution and 

generate a homogeneous mixture. Two solid loadings were used in this study based on ZIF-

8 and HKUST-1 materials denoted as (X% ZIF-8@MEA) and (X %HKUST-1@MEA) 

where X represents the mass ratio of the solid material used to the aqueous MEA solution. 

1.22.2 Characterizations 

XRD patterns of the activated ZIF-8 and HKUST-1 frameworks were acquired using 

Bruker D5000 diffractometer; Cu X-ray tube (Bruker AXS, USA) equipped with Ni-

filtered Cu-Kα radiation source (λ = 0.154056 nm) at 40 mA and 40 KV. The samples were 

lightly dry-packed into a shallow well within a zero-background sample holder. The 

diffraction patterns were obtained with a step size of 0.01° and a scan speed of 2 

second/step was applied to collect the intensity data.  

Thermogravimetric analysis (TGA) of activated ZIF-8 and HKUST-1 samples was 

acquired using a Shimadzu (TGA-50) instrument connected to a flow controller (FC-60A) 
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at a ramping rate of 10°C/min under a continuous flow of N2 at 50 mL/min. The remaining 

weight % versus temperature profile was then generated from the raw weight-time-

temperature data.  

A Micromeritics ASAP2020 porosity analyzer was used to conduct the N2 adsorption-

desorption experiments. Prior to analysis, about 100 mg samples were outgassed at 120 oC 

for 4 hours under vacuum. After activation, the sample was cooled down to 77 K using 

liquid nitrogen and the volumetric N2 adsorption isotherm was measured between 10−6 and 

1 bar. Part of the N2 adsorption branch in the relative pressure (P/Po) region from 0.05 to 

0.3 was fitted to the Brunauer–Emmett–Teller (BET) and Langmuir isotherms to estimate 

the specific surface areas of the samples. Pore volumes and average pore width of the 

samples were obtained from the N2 adsorption isotherms at 77 K using the Barrett- Joyner- 

Halenda (BJH) method with Halsey-Faas correction available with the associated software. 

Fourier transform infrared spectroscopy (FTIR) measurement was conducted using Bruker, 

Equinox 55 equipped with an attenuated total reflection (ATR) cell and a room-temperature 

detector. The data were collected in the spectral region from 4000 cm−1 to 400 cm−1 with 

4 cm−1 resolution.  

The densities of the different slurry solutions used in this work were measured at different 

temperatures using Anton Paar DSA5000M density meter. The uncertainty in the 

measurement is estimated to be about 0.00005 g/cm3
 with a precision of about 0.00001 

g/cm3. The samples were injected in a U-tube glass equipped with a PT100 platinum 

resistance thermometer with an accuracy of 0.01 K. at each temperature, three different 

measurements were recorded and the average was used as the density at any given 
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temperature. Prior to every use, the density meter was calibrated with air and water to 

maintain the deviation below 0.00005 g/cm3. 

1.22.3 Measurement of CO2 Solubility 

1.22.3.1 Apparatus and procedure 

CO2 equilibrium solubility data in the MOFs@MEA aqueous slurry systems were 

measured in a vapor-liquid equilibrium apparatus as shown in Figure 0.1. The apparatus 

consisted of a transparent sapphire cell with a stirring paddle and the equilibrium cell was 

immersed in a water bath with temperature control. The temperature in the equilibrium cell 

was measured using a type-K thermocouple with the temperature uncertainty of ±0.01 K, 

and the pressure was monitored using a low pressure transducer (model C206 from Setra) 

with an estimated accuracy of ±1% of the full range.  

In a typical experiment, the solubility cell was brought to high vacuum using the vacuum 

pump in order to create the necessary suction to load the sample into the cell through the 

sample port. The beaker with the sample was weighted beforehand using a microbalance, 

and then the sample was introduced to the cell and the sample container was weighted 

again where the difference represent the actual sample loading. Nitrogen gas was supplied 

to the equilibrium cell and the sample was agitated at 150 rpm, while the temperature was 

raised to 60 oC for 2 hours. Afterwards, the nitrogen gas along with the traces amounts of 

oxygen, and pre-absorbed CO2 were vented out of the cell until the initial pressure in the 

sapphire cell (Pcell,0) is almost zero. Then the temperature was brought down to the 

absorption temperature (40 oC) and kept for 30 minutes. The gas reservoir was also 

immersed in a thermostatic water bath with a temperature set at the same absorption 



230 

 

temperature (40 oC). The pressure in the gas reservoir was measured with a pressure gauge 

and the initial pressure was recorded as Pg,0. Subsequently, the valve between the gas 

reservoir and the sapphire cell was opened to allow for the CO2 gas to be transferred to the 

slurry solution in the sapphire cell from the gas reservoir. As the CO2 gets absorbed into 

the hybrid slurry solution, the transferred CO2 is consumed and the pressure gradually 

decays until it reaches the equilibrium absorption pressure recorded as Pcell,f in the sapphire 

cell and Pg,f in the gas reservoir. After the system pressure equilibrated and remained 

unchanged for a long time, the equilibrium pressures were recorded. It should be noted that 

the temperature has remained constant throughout the absorption process with a slight 

increase in the sapphire cell temperature immediately after the introduction of the CO2 due 

to the heat generated from the absorption of CO2 into the MEA solution. This process was 

repeated multiple times by reinjecting fresh CO2 from the cylinder to the gas reservoir and 

then to the equilibrium cell to record multiple equilibrium pressures. Four different 

pressures were recorded for each injection denoted as Pg,0, Pcell,0, Pcell,f, Pg,f.  
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Figure 0.1 Schematic diagram of the experimental apparatus used for CO2 solubility measurements 

1.22.3.2 Data processing 

The CO2 solubility at different pressures was calculated according to the following steps. 

First, the amount of CO2 transferred from the gas reservoir to the sapphire cell (nCO2,transf) 

was calculated for each injection as following: 

𝑛𝐶𝑂2,𝑡𝑟𝑎𝑛𝑠𝑓[𝑚𝑜𝑙𝑒𝑠] =  
6894.76∗𝑉𝑔[𝑚𝐿]

106 ∗8.314∗𝑇[𝐾]
(

𝑃𝑔,0[𝑝𝑠𝑖]

𝑍𝑔,0
−

𝑃𝑔,𝑓[𝑝𝑠𝑖]

𝑍𝑔,𝑓
)          (7.1) 

Where Zg,0 and Zg,f are the compressibility factors for CO2 at the pressure of the gas 

reservoir initially and at equilibrium respectively. 

The moles of CO2 initially present in the gas phase of the sapphire cell (nCO2,0) is calculated 

using the total volume of the sapphire cell (Vcell) minus the volume of the slurry solution 

(Vs) using the slurry density (ρs) and the sample loading (ms) as follows: 

𝑉𝑠[𝑚𝐿] =  
𝑚𝑠[𝑔]

𝜌𝑠[
𝑔

𝑚𝐿
]
          (7.2) 
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𝑉𝐶𝑂2,𝑐𝑒𝑙𝑙[𝑚𝐿] = 𝑉𝑐𝑒𝑙𝑙[𝑚𝐿] − 𝑉𝑠[𝑚𝐿]         (7.3) 

𝑛𝐶𝑂2,0[𝑚𝑜𝑙𝑒𝑠] =  
6894.76∗𝑉𝐶𝑂2,𝑐𝑒𝑙𝑙[𝑚𝐿] 𝑃𝑐𝑒𝑙𝑙,0[𝑝𝑠𝑖]

106 ∗8.314∗𝑇[𝐾] 𝑍𝑐𝑒𝑙𝑙,0
         (7.4) 

Where Zcell,0 and Zcell,f are the compressibility factors for CO2 at the pressure of the cell 

initially and at equilibrium respectively. 

Similarly, the CO2 in the gas phase at equilibrium (nCO2,f) is calculated using the 

equilibrium pressure in the sapphire cell 

𝑛𝐶𝑂2,𝑓[𝑚𝑜𝑙𝑒𝑠] =
6894.76∗𝑉𝐶𝑂2,𝑐𝑒𝑙𝑙[𝑚𝐿] 𝑃𝑐𝑒𝑙𝑙,𝑓[𝑝𝑠𝑖]

106 ∗8.314∗𝑇[𝐾] 𝑍𝑐𝑒𝑙𝑙,𝑓
        (7.5) 

Finally, the moles of CO2 soluble in the MOF@MEA slurry system was estimated 

according to the following equation: 

𝑛𝐶𝑂2,𝑠𝑜𝑙𝑢𝑏𝑙𝑒 = 𝑛𝐶𝑂2,𝑡𝑟𝑎𝑛𝑠𝑓 + 𝑛𝐶𝑂2,0 − 𝑛𝐶𝑂2,𝑓      (7.6) 

The CO2 sorption capacity of the slurry solutions were presented in unit volume of slurry 

Sv (mmol/mL) as following: 

𝑆𝑣 [
𝑚𝑚𝑜𝑙

𝑚𝐿
] =

𝑛𝐶𝑂2,𝑠𝑜𝑙𝑢𝑏𝑙𝑒[𝑚𝑜𝑙𝑒𝑠]

𝑉𝑠 [𝑚𝐿]
∗ 1000        (7.7) 

1.23 Results and Discussions 

1.23.1 Solid sorbents characterizations 

The thermal stability results of ZIF-8 and HKUST-1 sorbents is shown in Figure 0.2 using 

TGA analysis. It can be seen that, ZIF-8 materials is relatively more stable compared to 

HKUST-1 with a decomposition temperature starting at about 450 oC where a steep weigh 

loss is observed corresponding to carbonization of the organic ligand under extreme 
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thermal stress which verifies the findings in previous literature [16]. Such high thermal 

stability of ZIF-8 has been reported to be amongst the best in MOFs. ZIF-8 framework is 

characterized by its sodalite (SOD) topology with four nitrogen atoms from the 

imidazolium linkers tetrahedrally coordinated to Zn cation with a strong covalent bonds. 

It’s worthy to note that thermal stability of ZIF-8 is dependent on the gaseous environment 

used in the TGA analysis, where high thermal stabilities are mostly retained under inert 

environments compared to oxidative environments [17]. Nevertheless, irrespective of the 

gaseous environment used, the ZIF-8 chemical and thermal stability was maintained up to 

473 K, which is quit below the application temperature of CO2 capture applications using 

aqueous amines. On the other hand, HKUST-1 framework exhibited a TGA profile 

identical to what was reported in previous studies with an initial 10 wt % weight loss at 

around 373 K attributed to the evaporation of the coordinately bonded water molecules 

used as a solvent in the preparation of HKUST-1 materials. Moreover, a major weight loss 

at about 573 K was noted which could be ascribed to the complete collapse of the HKUST-

1 framework [18]. However, both ZIF-8 and HKUST-1 frameworks displayed a good 

thermal stability in the temperature range typically used for the regeneration of aqueous 

MEA solutions for CO2 capture applications. 
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Figure 0.2 The scanning TGA results of ZIF-8 and HKUST-1 materials 

The XRD patterns of ZIF-8 and HKUST-1 frameworks is displayed in Figure 0.3. It can 

be seen that the XRD patterns of the two frameworks are consistent with the simulated 

ZIF-8 and HKUST-1 structures. All the diffractograms show that all characteristic peaks 

of ZIF-8 and HKUST-1 are present, with thin peaks which indicates high crystallinity [19]. 

Furthermore, the textural properties of ZIF-8 and HKUST-1 were also measured using N2 

adsorption-desorption experiments as shown in Figure 0.4. The ZIF-8 sample has a BET 

surface area of about 1274 m2/g and a total pore volume of 0.7 cm3/g in agreement with 

previously reported results [20], whereas HKUS-1 has shown a relatively higher porosity 

of about 1558 m2/g and a pore volume 0.8 cm3/g. the isotherm for ZIF-8 and HKUST-1 

both showing type-I isotherm, consistent with other microporous materials. These surface 

area values exceed the highest values reported for ordered mesoporous silicas and zeolite 

materials.  
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Figure 0.3 Powder X-ray diffraction patterns (XRD) of ZIF-8 and HKUST-1 

 

Figure 0.4 N2 adsorption-desorption isotherms of ZIF-8 and HKUST-1 

In the FTIR spectrum of ZIF-8 shown in Figure 0.5, the band at around 3130 cm-1 and 2929 

cm-1 are attributed to the N-H and C-H stretching bands of the imidazole linkers 

respectively. The other bands located at 1455 cm-1 and 1145 cm-1 are assigned to the C-N 

and C=N groups near the metallic center [21]. Moreover, the FTIR spectra of HKUST-1 is 

also displayed in Figure 0.5 with major IR bands at about 1370 cm-1 and 750 cm-1 are 

fingerprints of C=C and Cu-O stretching vibrations respectively [22].  
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Figure 0.5 FTIR spectra of ZIF-8 and HKUST-1 

The CO2 uptake of these two solid materials is displayed in Figure 0.6 as obtained from 

the gravimetric sorption experiment using intelligent gravimetric analyzer as explained 

elsewhere [19]. As can be seen in Figure 0.6, both sorbents exhibited high CO2 capacities 

with HKUST-1 showing the highest CO2 uptake throughout the pressure range. 

Consequently, the suspension of these two MOFs has the potential to remarkably improve 

the CO2 capture performance of aqueous MEA solutions. Due to the aforementioned 

characteristics such as thermal and chemical stability, permanent porosity, and textural 

strength, these two solid materials have been selected for the preparation of the hybrid 

slurry solution in aqueous MEA. 
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Figure 0.6 CO2 sorption isotherms of ZIF-8 and HKUST-1 at 313 K 

The densities of aqueous MEA solution and the hybrid MOFs@MEA slurry at different 

temperatures are presented in Figure 0.7 and Figure 0.8 for ZIF-8@MEA and HKUST-

1@MEA slurries respectively. As expected the density of the aqueous MEA solution as 

well as the ZIF-8@MEA and HKUST-1@MEA slurries decreased with increasing 

temperature. The dispersion of ZIF-8 and HKUST-1 into an aqueous MEA solutions has 

resulted in an increase in the density at different temperatures by about 3% and 5% for ZIF-

8@MEA and HKUST-1@MEA slurries respectively compared to the aqueous MEA 

solution at different temperatures. The density data obtained in this work has been 

accurately fitted with the polynomial correlation (equation 7.8) as reported by Han and 

coworkers [23] and the fitting results are presented in Table 0.1. 

𝜌 [
𝑔

𝑐𝑚3] = 𝑎 𝑇3 + 𝑏 𝑇2 + 𝑐 𝑇 + 𝑑      (7.8) 
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Table 0.1 Parameters of the polynomial model for density correlation 

sample a b c d R2 

15 wt% MEA -2.49*10-11 1.35*10-7 -0.00086 1.215 1 

2.5% ZIF-8@15wt% MEA -2.43*10-8 0.24*10-4 -0.0088 2.118 1 

2.5% ZIF-8@15wt% MEA -5.02*10-8 0.5*10-4 -0.0172 3.081 0.999 

2.5% HKUST-1@15wt% MEA -1.37*10-9 -4.506*10-6 0.002 0.7911 1 

5% HKUST-1@15wt% MEA -4.26*10-10 -3.23*10-7 -0.00052 1.259 0.999 

 

 

Figure 0.7 Densities of the hybrid ZIF-8@MEA slurry at different temperatures 
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Figure 0.8 Densities of the hybrid HKUST@MEA slurry at different temperatures 

1.23.2 CO2 solubility in the hybrid slurry 

Prior to measuring the CO2 solubility of the hybrid slurry of MOFs@MEA, the 

experimental results for aqueous solution of 15 wt% MEA at 40 oC was verified against 

the results reported in literature at similar conditions. As can be seen in Figure 0.9, a close 

values were obtained using our experimental setup compared to the previous results with 

an average absolute deviation (AAD) of about 3.5% compared to Jones et al. [24] 

indicating that reliable CO2 solubility data could be obtained using our experimental 

procedure. 
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Figure 0.9 Verification of the solubility results for 15 wt% MEA compared to the work by Li et al. [25], Jones et 

al. [24], and Lee et al. [26] 

The particles of the two MOFs materials used were uniformly dispersed into the aqueous 

solution of MEA for applications as a novel CO2 capture unit operation using both 

adsorption and absorption. In order to evaluate the impact of ZIF-8 and HKUST-1 particles 

with varying solid loadings, the CO2 solubility in the hybrid slurries of ZIF-8@MEA and 

HKUST-1@MEA at 40 oC was measured and displayed in Figure 0.10 and Figure 0.11 

respectively. As can be clearly seen in Figure 0.10, the dispersion of ZIF-8 particles in 

aqueous MEA solution was found to significantly improve the CO2 uptake. Furthermore, 

as the ZIF-8 loading in the slurry solution is increased, the CO2 solubility has consequently 

improved up to about 10% increase in the CO2 capacity for 5 wt% ZIF-8 loading. The 

enhanced CO2 solubility in ZIF-8 based slurries could be ascribed to the great affinity of 

CO2 adsorption on ZIF-8 sorbents, and the improved mass transfer rate due to the 

dispersion of small ZIF-8 particles in the aqueous amine media. On the other hand, the 

suspension of HKUST-1 into aqueous MEA solution has shown a negative impact on the 

CO2 uptake, with a decrease in the CO2 solubility proportional to the HKUST-1 loading 
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used in the hybrid slurry solution. This could be attributed to the high chemical stability of 

ZIF-8 particles in aqueous media compared to HKUST-1 which was proven to partially 

decompose when dispersed in water for prolonged durations through the hydrolysis of Cu-

O bonds [27]. 

The previous work by Wang et al. [28] has reported similar findings for the effect of ZIF-

8 content in the slurry system of ZIF-8 and N-butylpyridinium 

bis(trifluoromethylsulfonyl)imide ionic liquid. Their results revealed that a 24% higher 

CO2 solubility was obtained when using 16.96 wt% ZIF-8 loading in the slurry solution. 

Similarly, the CO2 absorption enhancement using different nanoparticles (TiO2, MgO, 

Al2O3, and SiO2) was studied by Jiang and coworkers [29] using both MEA and MDEA. It 

was concluded that larger particles displayed a higher enhancement factors compared to 

smaller nanoparticles while the increase of the solid loading of has improved the CO2 

absorption up to a certain extent and then dropped, which could be explained by the 

dependence of mass transfer resistances on the solid loading. 

 

Figure 0.10 CO2 solubility in ZIF-8@MEA hybrid slurries at 40 oC 
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Figure 0.11 CO2 solubility in HKUST-1@MEA hybrid slurries at 40 oC 

1.24 Conclusions 

In this work, the CO2 capture in the suspension of MOFs and aqueous MEA solutions was 

investigated. The two MOFs chosen in this work possesses excellent characteristics as CO2 

capture materials as was determined from their CO2 sorption isotherms. The dispersion of 

solid MOFs into aqueous amine solutions was found to increase the density by about 3% 

and 5% for ZIF-8 and HKUST-1 based slurries respectively. Most importantly, the 

dispersion of ZIF-8 into aqueous MEA solutions was found to display an enhancement in 

the CO2 solubility by up to 10% higher CO2 uptake compared to the 15 wt% MEA solution 

at atmospheric pressure. The CO2 sorption capacity was found to increase with increasing 

the ZIF-8 loading in the slurry mixture which indicates that a further addition of ZIF-8 

could lead an even higher CO2 solubility. Future work are still required to investigate the 

performance of the slurry system at different temperatures and higher solid loadings. This 

pioneer work allows for the utilization of the great features of MOFs through the slurry 

system meanwhile mitigating the main challenges associated with the conventional solid-
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sorption processes, due to the fact that the slurry system can be pumped and used in a 

continuous process similar to amine scrubbing units. Furthermore, the wide variety of 

available solid MOFs and amines opens up great opportunities to design an optimum MOF-

amine combinations. 
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Chapter 8: Conclusions and Recommendations 

8.1Conclusions 

The development of third-generation (3X) materials for CO2 capture from flue gases is 

very significant to address the repercussions of global warming and the increasing 

concentrations of CO2 in the atmosphere. In this work, the application of supported ionic 

liquids for the separation of CO2 has been investigated by incorporating different ionic 

liquids into solid materials with varying porous characteristics. The set of six solid sorbents 

used in this study belong to two families of porous materials, metal organic frameworks, 

and mesoporous silica supports whereas the ionic liquids used were reported to interact 

with CO2 through a physisorption and chemisorption mechanisms. Furthermore, the solid 

supports used possessed different porous properties ranging from a small 1D hexagonal 

pores for the case of MCM-41 and SBA-15 to 3D porous materials such as ZIF-8. 

Moreover, the use of a solid support with open metal sites such as HKUST-1 and MIL-101 

was reported to understand the interionic interactions between the loaded ionic liquids and 

the open metal centers residing inside the pores and their implications on the CO2 capture 

performance. The utilization of MOFs material with an exceptionally high pore volumes 

and specific surface areas (MOF-177 and MIL-101) was also investigated as potential host 

material for the immobilization of ionic liquids. Overall, the study presented the impact of 

the type of solid support material, the nature of the ionic liquid used, the ionic liquid 

loading, and the synthesis method to determine feasible formulations of materials with 

improved CO2 capture characteristics. The conclusions reached based on the experimental 

work of different supported ionic liquid sorbents is presented separately at the end of each 

chapter. 
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In general, it was concluded that the incorporation of ILs into porous materials has a 

considerable impact on the thermal stability of the support material as was evident from 

the TGA results for the different composite sorbents. This was corroborated by the shifts 

in the onset decomposition temperatures of the SILs compared to the pristine solid 

supports. Furthermore, the interionic interactions between the support and the confined ILs 

were evaluated using an FTIR analysis. A comparison of the IR peaks of the bulk IL and 

the SIL samples indicated that there was a slight shift in the peak positions which indicates 

the existence of interionic forces between the cation-anion and the IL-support. The 

thickness of the confined ILs was estimated based on the IL loading data, pore volume 

reduction after impregnation, and the surface areas of the support material. It was found 

that a very thin layer has deposited on the surface of the solid support which possess 

excellent diffusion characteristics compared to the bulk IL.  

It was also found that ZIF-8 acted as an excellent solid support for the incorporation of 

acetate based ILs and allowed for the successful incorporation of a hydrophilic IL into a 

hydrophobic solid support to ultimately improve the water stability limits of the developed 

SILs. This is considered as a potential approach to protect ILs that have very high affinity 

toward CO2 but suffered from water un-stability, high viscosity, and slow diffusivity issues 

by confining them into narrow pores of hydrophobic support materials. On the other hand, 

CO2 capacity in MIL-101 was found to decrease upon the incorporation of ILs into their 

porous structures regardless of the synthesis method or the IL loading in the composite. 

Furthermore, composite sorbents based on HKUST-1 supports were found to yield an 

enhancement in their CO2 uptake in the lo- pressure region (0-0.5 bar) at relatively low IL 

loadings, whereas excessive IL incorporation was found to decrease their CO2 capacities. 
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This observation was ascribed to the impact of the competitive interaction of Cu+2 metal 

sites with CO2 and the acetate anion of the IL. A careful activation of the HKUST-1 

framework as well as a control of IL loading the composite is required when dealing with 

MOFs with open metal sites as was noted for HKUST-1.  

Utilizing high pore volumes for IL incorporation was also investigated in this study, and it 

was concluded that the concentration of ILs inside the SILs is a crucial parameter to achieve 

the required improvements in CO2 capture capacities as reported in Chapter 5. 

Finally, in this work, CO2 capture in a slurry solution of MOFs and aqueous MEA solutions 

was investigated using HKUST-1 and ZIF-8 materials. The slurry system of ZIF-8 into 

aqueous MEA solutions was found to display an improved CO2 solubility by up to 10% 

compared to aqueous 15 wt% MEA solution at atmospheric pressure and 40 oC. CO2 

solubility was found to increase with increasing ZIF-8 loading in the slurry mixture which 

indicates that a further addition of ZIF-8 could lead an even higher CO2 solubility.  

8.2Recommendations 

Some recommendations for future research are presented below which have the potential 

to significantly improve upon the work performed in this study. 

Future work should investigate activated carbons, zeolites, and other MOF materials. One 

of the important criterions for the selection of solid supports for preparation of SILs is the 

hydrophobic nature of the support material in addition to the pore volumes and sizes of 

these materials. Moreover, a wide variety of ILs could also be studied especially task 

specific ionic liquids (TSILs) which possess very high affinity toward CO2 due to the 

chemisorption forces. 
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According to the findings of Chapter 5, the synthesis method used was found to have a 

considerable influence on the structural stability of the as-synthesized samples, therefore, 

a thorough study is still required using various synthesis protocols. The investigation of 

the different synthesis methods including chemical grafting of ILs into the pores of solid 

sorbents could be performed to better understand the fabrication process of the supported 

ILs, and analyze the impacts of the synthesis route on the physicochemical properties of 

the developed composites using various characterization techniques. Support 

modifications are also suggested to modify the textural properties of solid supports and 

consequently improve the anchorage between the ILs and the surface of the support 

material.  

Other characterization methods such as scanning electron microscopy (SEM) and energy 

dispersive X-ray spectroscopy (EDS) are required to better understand the influence of the 

incorporated ILs on the morphology and chemical composition of the composite sorbents. 

Furthermore, EDS results could provide better estimates of the exact ILs concentration in 

the composite sorbents as compared to the predictions based on TGA experiments.  

Water stability limits of the developed SILs should be evaluated under real flue gas 

conditions as well as under different humidity values. Measuring the water adsorption 

isotherms and kinetics on the prepared materials could provide insights into their water 

sorption characteristics and consequently their projected performance under humid flue gas 

conditions. 

The CO2/N2 selectivity of the composite sorbents was measured for ZIF-8 samples only, 

however for the other impregnated samples, the N2 adsorption amounts obtained using 
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gravimetric adsorption experiment indicated a significantly low N2 adsorption into these 

SILs compared to the pristine solids which indicate a very high selectivity. Further work is 

needed to quantify the co-adsorption of CO2-N2 gas mixtures and to use volumetric 

sorption apparatus to try and quantify the actual N2 uptake of these SILs. 

Most importantly, a molecular dynamics computational study could be performed to 

compare the experimental results obtained in this work with the predictions of the 

computational methods in order to better understand the interactions between the cation-

anion and the ILs-solid on the molecular level. A comparison between our results for 

HKUST-1 with similar previous computational studies (see Chapter 4) indicated the 

existence of some discrepancies which require further efforts on the computational side to 

utilize experimental results (such as our work) to fine-tune the force field parameters used 

in the molecular dynamics simulations to achieve better outcomes. 

The current study focused in the evaluation of the adsorption criterion on the small level 

such as the equilibrium solubility of CO2 and N2,  adsorption kinetics, as well as the cyclic 

adsorption-desorption stability. However, to gain more knowledge about the performance 

of such composite sorbents in large scales, adsorption process modeling is required to study 

the different combinations of pressure-swing, temperature-swing, and vacuum-swing 

separation processes and evaluate the overall energy required and the purity of the 

separated CO2 in the product stream. The modeling of the adsorption isotherm performed 

in this work, could act as the starting point for such process modeling endeavors. 

The optimization of an adsorption process based on the isotherms and sorption kinetics 

obtained in this study can provide insights into the large-scale performance of these 
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materials in an actual fixed bed adsorption process. This includes measuring the 

breakthrough experiments, modeling the adsorption process including the different 

components such as the blower, compressors, and heaters in addition to the nature of the 

adsorption process used (vacuum-, temperature-, and pressure-swing). 

Regeneration of the adsorbed gas is one a crucial topic to be studied in order to evaluate 

different sweeping gases under different scenarios to obtain the most suitable process for 

the SILs developed in this work. 
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Figure A. 1 N2 adsorption isotherm of [Bmim][Ac]@ZIF-8 composites (a) 303.15 K, (b) 313.15 K, and (c) 323.15 

K. 
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Figure A. 2 N2 adsorption isotherm of emimAc@ZIF-8 composites (a) 303.15 K, (b) 313.15 K, and (c) 323.15 K. 

 

Figure A. 3 Change in CO2 adsorption uptake versus IL loading at 0.2 bar and different temperatures for 

[Bmim][Ac]@ZIF (a) and [Emim][Ac]@ZIF (b) 

Table A. 1 Freundlich isotherm model parameters for ZIF-8 and [Bmim][Ac]@ZIF composites at different IL 

loadings 

Temperatu

re (K) 

ZIF-8 [Bmim][Ac]@ZIF-

10% 

[Bmim][Ac]@ZIF-

20% 

[Bmim][Ac]@ZIF-

30% 

K m R2 K m R2 K m R2 K m R2 

303.15 0.61

7 

0.97

5 

0.999

9 

0.65

6 

1.42

7 

0.999

4 

0.85

0 

3.14

3 

0.999

2 

0.99

6 

8.675 0.999

9 

313.15 0.49

0 

0.97

1 

0.999

9 

0.54

5 

1.61

8 

0.998

9 

0.70

0 

3.29

1 

0.999

3 

0.93

3 

10.34

0 

0.999

9 

323.15 0.40

2 

0.97

5 

0.999

9 

0.42

6 

1.41

1 

0.999

4 

0.51

2 

2.77

6 

0.999

4 

0.61

7 

7.014 0.999

9 
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Table A. 2 Freundlich isotherm model parameters for ZIF-8 and [Emim][Ac]@ZIF composites at different IL 

loadings 

Temperatur

e (K) 

ZIF-8 [Emim][Ac]@ZIF-

10% 

[Emim][Ac]@ZIF-

20% 

[Emim][Ac]@ZIF-

30% 

K m R2 K m R2 K m R2 K m R2 

303.15 0.61

7 

0.97

5 

0.999

9 

0.67

1 

1.88

4 

0.999

1 

0.83

5 

4.16

5 

0.999

8 

0.87

9 

7.34

0 

0.999

9 

313.15 0.49

0 

0.97

1 

0.999

9 

0.57

4 

2.21

7 

0.999

0 

0.75

8 

4.94

1 

0.999

8 

0.85

0 

8.67

3 

0.999

9 

323.15 0.40

2 

0.97

5 

0.999

9 

0.39

2 

1.61

0 

0.999

2 

0.53

1 

3.96

0 

0.999

8 

0.61

9 

6.38

9 

0.999

9 

 

Figure A. 4 CO2 adsorption isotherms of ZIF-8 (a), [Bmim][Ac]@ZIF-10% (b), [Bmim][Ac]@ZIF-20% (c), and 

[Bmim][Ac]@ZIF-30% (d) at 303.15 K (Blue), 313.15 K (Red), and 323.15 K(Green). Experimental data 

(symbols) are correlated with Freundlich model prediction (lines) 
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Figure A. 5 CO2 adsorption isotherms of ZIF-8 (a), [Emim][Ac]@ZIF-10% (b), [Emim][Ac]@ZIF-20% (c), and 

[Emim][Ac]@ZIF-30% (d) at 303.15 K (Blue), 313.15 K (Red), and 323.15 K(Green). Experimental data 

(symbols) are correlated with Freundlich model prediction (lines) 

Table A. 3 DSL isotherm model parameters of [Bmim][Ac]@ZIF composites at different IL loadings 

Tempera

ture (K) 

[Bmim][Ac]@ZIF-10% [Bmim][Ac]@ZIF-20% [Bmim][Ac]@ZIF-30% 

nA bA nB bB R2 nA bA nB bB R2 nA bA nB bB R2 

303.15 0.6

92 

076.1

45 

0.4

90 

0.6

74 

100 7.9

79 

0.05

8 

0.448 80.3

50 

100 0.5

18 

0.60

3 

0.81

3 

96.8

32 

0.9

99 

313.15 0.7

35 

59.98

4 

0.4

50 

0.3

53 

0.9

99 

0.3

95 

63.7

52 

241.1

03 

0.00

1 

100 0.5

72 

0.28

9 

0.81

4 

86.5

33 

0.9

99 

323.15 0.5

25 

37.72

3 

1.5

42 

0.0

76 

0.9

99 

0.2

70 

37.3

10 

282.0

71 

0.00

1 

0.9

99 

0.5

30 

43.1

15 

22.8

40 

0.00

4 

0.9

99 
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Table A. 4  DSL isotherm model parameters of [Emim][Ac]@ZIF composites at different IL loadings 

T 

(K) 

[Emim][Ac]@ZIF-10% [Emim][Ac]@ZIF-20% [Emim][Ac]@ZIF-30% 

nA bA nB bB R2 nA bA nB bB R2 nA bA nB bB R2 

303.

15 

0.218 46.7

55 

39.09

1 

0.01

2 

0.99

9 

141.9

78 

0.00

2 

0.57

2 

43.9

87 

10

0 

0.69

2 

76.1

45 

0.49

0 

0.67

4 

10

0 

313.

15 

0.217 97.2

30 

356.0

91 

0.00

1 

0.99

9 

4.893 0.05

2 

0.54

0 

62.8

23 

10

0 

0.73

5 

59.9

84 

0.45

0 

0.35

3 

10

0 

323.

15 

488.0

56 

0.00

1 

0.010

9 

23.1

22 

0.99

9 

145.2

70 

0.00

1 

0.36

5 

35.8

13 

10

0 

0.52

5 

37.7

30 

1.54

2 

0.07

6 

10

0 

 

 

 

Figure A. 6 Graphical evaluation of the DSL model fit of the experimental isotherm data of [Bmim][Ac]@ZIF-

10% (a), [Bmim][Ac]@ZIF-20% (b), and [Bmim][Ac]@ZIF-30% (c) at 303.15 K Experimental data (symbols), 

and DSL model prediction (surface). 
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Figure A. 7 Graphical evaluation of the DSL model fit of the experimental isotherm data of [Emim][Ac]@ZIF-

10% (a), [Emim][Ac]@ZIF-20% (b), and [Emim][Ac]@ZIF-30% (c) at 303.15 K Experimental data (symbols), 

and DSL model prediction (surface). 

 

Figure A. 8 LnP vs. 1/T at different CO2 loadings for ZIF-8 (a), [Bmim][Ac]@ZIF-10% (b), [Bmim][Ac]@ZIF-

20% (c), and [Bmim][Ac]@ZIF-30% (d) obtained using DSL model and Clausius–Clapeyron equation 
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Figure A. 9 LnP vs. 1/T at different CO2 loadings for ZIF-8 (a), emimAc@ZIF-10% (b), [Emim][Ac]@ZIF-20% 

(c), and [Emim][Ac]@ZIF-30% (d) obtained using DSL model and Clausius–Clapeyron equation 
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Appendix B: Supporting Information for Chapter 4 

Markedly Improved CO2 Uptake Using Imidazolium Based Ionic Liquids Confined 

into CuBTC Frameworks 

Mohanned Mohamedali, Amr Henni, Hussameldin Ibrahim* 

Clean Energy Technologies Research Institute (CETRi), and Process Systems Engineering, 

Faculty of Engineering and Applied Science, University of Regina, 3737 Wascana 

Parkway, Regina, SK, S4S 0A2, Canada. 

 

 

Figure B. 1 Correlation between [bmim][Ac] loading with the BET surface area and total pore volume of the 

[bmim][Ac]@HKUST-1 composites 
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Figure B. 2 Crystal structure of HKUST-1 showing the different cavities and the channels connecting them (L2 

& L3 are 9 A in diameter, T1 is 5 A diameter, Tw connecting T1 and L3, Lw connecting L2 and L3) [1]. 

 

Figure B. 3 Fitting CO2 adsorption kinetics on HKUST-1 at 303 K (left), 313 K (middle), and 323 K (right) using 

pseudo-first order, pseudo-second order and Avrami models. 

 

 

Figure B. 4 Fitting CO2 adsorption kinetics on [bmim][Ac]@HKUST-5% at 303 K (left), 313 K (middle), and 

323 K (right) using pseudo-first order, pseudo-second order and Avrami models. 
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Figure B. 5 Fitting CO2 adsorption kinetics on [bmim][Ac]@HKUST-10% at 303 K (left), 313 K (middle), and 

323 K (right) using pseudo-first order, pseudo-second order and Avrami models. 

 

Figure B. 6 Fitting CO2 adsorption kinetics on [bmim][Ac]@HKUST-20% at 303 K (left), 313 K (middle), and 

323 K (right) using pseudo-first order, pseudo-second order and Avrami models. 

 

Figure B. 7 Fitting CO2 adsorption kinetics on [pmim][Tf2N]@HKUST-5% at 303 K (left), 313 K (middle), and 

323 K (right) using pseudo-first order, pseudo-second order and Avrami models. 
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Figure B. 8 Fitting CO2 adsorption kinetics on [pmim][Tf2N]@HKUST-10% at 303 K (left), 313 K (middle), 

and 323 K (right) using pseudo-first order, pseudo-second order and Avrami models. 

 

Figure B. 9 Fitting CO2 adsorption kinetics on [pmim][Tf2N]@HKUST-20% at 303 K (left), 313 K (middle), 

and 323 K (right) using pseudo-first order, pseudo-second order and Avrami models. 

 

Figure B. 10 Arrhenius plots for the kinetic constant obtained by pseudo-first order model for 

[bmim][Ac]@HKUST-20% sample 
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Figure B. 11 Arrhenius plots for the kinetic constant obtained by pseudo-first order model for 

[pmim][Tf2N]@HKUST-10% sample 

 

 

Figure B. 12 Prolonged isothermal stability of [bmim][Ac]@HKUST-5% held at 100 oC for 10 hours 
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Table B.  1 Freundlich isotherm model parameters for HKUST-1 and [bmim][Ac]@HKUST-1 composites at 

different IL loadings 

Temperature 

(K) 

HKUST-1 [bmim][Ac]@HKUST-

5% 

[bmim][Ac]@HKUST-

10% 

[bmim][Ac]@HKUST-

20% 

K m R2 K m R2 K m R2 K m R2 

303.15 4.45 1.14 0.9999 4.32 1.88 0.9998 2.96 1.22 0.9999 1.97 1.31 0.9999 

313.15 3.40 1.10 0.9999 3.43 1.89 0.9999 2.30 1.16 0.9999 1.57 1.30 0.9999 

323.15 2.60 1.08 0.9999 2.31 2.17 0.9998 1.70 0.99 0.9999 1.22 1.13 0.9999 

 

Table B.  2 Freundlich isotherm model parameters for HKUST-1 and [pmim][Tf2N]@HKUST-1 composites at 

different IL loadings 

T (K) HKUST-1 [pmim][Tf2N]@HKUST-

5% 

[pmim][Tf2N]@HKUST-

10% 

[pmim][Tf2N]@HKUST-

20% 

K m R2 K m R2 K m R2 K m R2 

303.15 4.45 1.14 0.9999 4.45 1.13 0.9999 3.15 1.20 0.9998 2.31 1.43 0.9999 

313.15 3.40 1.10 0.9999 3.40 1.10 0.9999 2.46 1.18 0.9999 1.85 1.40 0.9999 

323.15 2.60 1.08 0.9999 2.60 1.10 0.9999 1.93 1.15 0.9999 1.42 1.23 0.9999 
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Figure B. 13 Graphical evaluation of the Freundlich model fit of the experimental isotherm data of HKUST-1 

(a), [bmim][Ac]@HKUST-5% (b), [bmim][Ac]@HKUST-10% (c), and [bmim][Ac]@HKUST-20% (d) at 303.15 

K Experimental data (symbols), and Freundlich model prediction (lines) 
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Figure B. 14 Graphical evaluation of the Freundlich model fit of the experimental isotherm data of HKUST-1 

(a), [pmim][Tf2N]@HKUST-5% (b), [pmim][Tf2N]@HKUST-10% (c), and [pmim][Tf2N]@HKUST-20% (d) at 

303.15 K Experimental data (symbols), and Freundlich model predictions (lines) 
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Table B.  3 DSL isotherm model parameters of [Bmim][Ac]@HKUST-1 composites at different IL loadings 

T(K) [Bmim][Ac]@HKUST-5% [Bmim][Ac]@HKUST-10% [Bmim][Ac]@HKUST-20% 

nA bA nB bB R2 nA bA nB bB R2 nA bA nB bB R2 

303.

15 

1.14

7 

49.3

86 

16.3

31 

0.25

1 

1.00

0 

11.3

42 

0.33

8 

0.06

1 

14.9

83 

100 0.13

8 

50.1

76 

8.20

7 

0.28

7 

0.99

9 

313.

15 

0.99

1 

40.8

29 

20.5

26 

0.14

2 

0.99

9 

4.68

9 

0.46

0 

53.2

72 

0.01

5 

100 0.13

3 

45.5

32 

7.95

2 

0.22

2 

0.99

9 

323.

15 

0.77

5 

35.6

33 

5.08

9 

0.44

7 

0.99

9 

54.6

93 

0.01

5 

53.6

11 

0.01

6 

0.99

9 

6.78

8 

0.21

0 

0.02

4 

91.5

77 

0.99

9 

 

 

Figure B. 15 Graphical evaluation of the DSL model fit of the experimental isotherm data of HKUST-1 (a), 

[Bmim][Ac]@HKUST-5% (b), [Bmim][Ac]@HKUST-10% (c), and [Bmim][Ac]@HKUST-20% (d) at 303.15 K 

Experimental data (symbols), and DSL model prediction (lines) at different temperatures 
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Figure B. 16 LnP vs. 1/T at different CO2 loadings for HKUST-1 (a), [Bmim][Ac]@HKUST-5% (b), 

[Bmim][Ac]@HKUST-10% (c), and [Bmim][Ac]@HKUST-20% (d) obtained using DSL model and Clausius–

Clapeyron equation 
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Figure B. 17 LnP vs. 1/T at different CO2 loadings for HKUST-1 (a), [pmim][Tf2N]@HKUST-5% (b), 

[pmim][Tf2N]@HKUST-10% (c), and [pmim][Tf2N]@HKUST-20% (d) obtained using Freundlich model and 

Clausius–Clapeyron equation 

 

[1] J.J. Gutiérrez-Sevillano, J.M. Vicent-Luna, D. Dubbeldam, S. Calero, Molecular 

Mechanisms for Adsorption in Cu-BTC Metal Organic Framework, J. Phys. Chem. C 117 

(2013) 11357-11366. 
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Appendix C: Supporting Information for Chapter 6 

Imidazolium based Ionic Liquids Confined into Mesoporous Silica MCM-41 and 

SBA-15 for Carbon Dioxide Capture 

Mohanned Mohamedali, Hussameldin Ibrahim , Amr Henni* 

Clean Energy Technologies Research Institute (CETRi), and Process Systems Engineering, 

Faculty of Engineering and Applied Science, University of Regina, 3737 Wascana 

Parkway, Regina, SK, S4S 0A2, Canada. 

 

Figure C. 1 CO2 adsorption kinetics in the bulk [bmim][Ac] at 303 K 

 

 

Figure C. 2 Fitting CO2 adsorption kinetics on (a) [bmim][Ac]@MCM-30%, (b) [bmim][Ac]@MCM-50%, and 

(c) [bmim][Ac]@MCM-60% at 303 K using pseudo-first order, pseudo-second order and Avrami models. 
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Figure C. 3 Fitting CO2 adsorption kinetics on (a) [bmim][Ac]@MCM-30%, (b) [bmim][Ac]@MCM-50%, and 

(c) [bmim][Ac]@MCM-60% at 313 K using pseudo-first order, pseudo-second order and Avrami models. 

 

 

Figure C. 4 Fitting CO2 adsorption kinetics on (a) [bmim][Ac]@MCM-30%, (b) [bmim][Ac]@MCM-50%, and 

(c) [bmim][Ac]@MCM-60% at 323 K using pseudo-first order, pseudo-second order and Avrami models. 
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Figure C. 5 Fitting CO2 adsorption kinetics on (a) [bmim][Ac]@SBA-30%, (b) [bmim][Ac]@SBA-50%, and (c) 

[bmim][Ac]@SBA-60% at 303 K using pseudo-first order, pseudo-second order and Avrami models. 

 

Figure C. 6 Fitting CO2 adsorption kinetics on (a) [bmim][Ac]@SBA-30%, (b) [bmim][Ac]@SBA-50%, and (c) 

[bmim][Ac]@SBA-60% at 313 K using pseudo-first order, pseudo-second order and Avrami models. 

 

Figure C. 7 Fitting CO2 adsorption kinetics on (a) [bmim][Ac]@SBA-30%, (b) [bmim][Ac]@SBA-50%, and (c) 

[bmim][Ac]@SBA-60% at 323 K using pseudo-first order, pseudo-second order and Avrami models. 
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Figure C. 8 Arrhenius plots for the kinetic constant obtained by pseudo-first order model for (a) 

[bmim][Ac]@MCM-30% and (b) [bmim][Ac]@SBA-15 composites 

 

Table C. 1 Freundlich isotherm model parameters for MCM-41 and [bmim][Ac]@MCM-41 composites at 

different IL loadings 

T (K) MCM-41 [bmim][Ac]@MCM-

30% 

[bmim][Ac]@MCM-

50% 

[bmim][Ac]@MCM-

60% 

K m R2 K m R2 K m R2 K m R2 

303.15 0.432 1.414 0.9999 0.592 3.646 0.9998 0.912 4.397 0.9999 1.008 4.249 0.9999 

313.15 0.370 1.415 0.9999 0.533 3.447 0.9999 0.822 3.957 0.9999 0.967 4.198 0.9999 

323.15 0.308 1.415 0.9999 0.474 3.216 0.9998 0.731 3.539 0.9999 0.868 3.731 0.9999 

 

Table C. 2 Freundlich isotherm model parameters for SBA-15 and [bmim][Ac]@SBA-15 composites at different 

IL loadings 

T (K) SBA-15 [bmim][Ac]@SBA-

30% 

[bmim][Ac]@SBA-50% [bmim][Ac]@SBA-60% 

K m R2 K m R2 K m R2 K m R2 

303.15 0.599 1.228 0.9999 0.252 2.153 0.9998 0.637 4.514 0.9999 0.885 4.661 0.9999 

313.15 0.504 1.232 0.9999 0.221 2.056 0.9999 0.554 3.792 0.9999 0.781 4.071 0.9999 

323.15 0.407 1.236 0.9999 0.191 1.930 0.9998 0.471 3.102 0.9999 0.677 3.459 0.9999 
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Figure C. 9 Graphical evaluation of the Freundlich model fit of the experimental isotherm data of MCM-41 (a), 

[bmim][Ac]@MCM-30% (b), [bmim][Ac]@MCM-50% (c), and [bmim][Ac]@MCM-60% (d) at different 

temperatures. Experimental data (symbols), and Freundlich model predictions (lines) 
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Figure C. 10 Graphical evaluation of the Freundlich model fit of the experimental isotherm data of SBA-15 (a), 

[bmim][Ac]@SBA-30% (b), [bmim][Ac]@SBA-50% (c), and [bmim][Ac]@SBA-60% (d) at different 

temperatures. Experimental data (symbols), and Freundlich model pre 

Table C. 3 Freundlich isotherm model parameters for MCM-41 and [pmim][Tf2N]@MCM-41 composites at 

different IL loadings 

T (K) MCM-41 [pmim][Tf2N]@MCM-

30% 

[pmim][Tf2N]@MCM-

50% 

[pmim][Tf2N]@MCM-

60% 

K m R2 K m R2 K m R2 K m R2 

303.15 0.432 1.414 0.9999 0.129 1.673 0.9998 0.185 1.670 0.9999 0.240 1.672 0.9999 

313.15 0.370 1.415 0.9999 0.105 1.461 0.9999 0.151 1.456 0.9999 0.196 1.467 0.9999 

323.15 0.308 1.415 0.9999 0.088 1.216 0.9998 0.126 1.230 0.9999 0.163 1.230 0.9999 
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Table C. 4 Freundlich isotherm model parameters for SBA-15 and [pmim][Tf2N]@SBA-15 composites at 

different IL loadings 

T (K) SBA-15 [pmim][Tf2N]@SBA-

30% 

[pmim][Tf2N]@SBA-

50% 

[pmim][Tf2N]@SBA-

60% 

K m R2 K m R2 K m R2 K m R2 

303.15 0.599 1.228 0.9999 0.212 1.400 0.9998 0.132 1.295 0.9999 0.304 1.328 0.9999 

313.15 0.504 1.232 0.9999 0.176 1.351 0.9999 0.112 1.325 0.9999 0.255 1.341 0.9999 

323.15 0.407 1.236 0.9999 0.414 1.142 0.9998 0.095 1.170 0.9999 0.213 1.166 0.9999 

 

 

Figure C. 11 Graphical evaluation of the Freundlich model fit of the experimental isotherm data of MCM-41 (a), 

[pmim][Tf2N]@MCM-30% (b), [pmim][Tf2N]@MCM-50% (c), and [pmim][Tf2N]@MCM-60% (d) at 

different temperatures. Experimental data (symbols), and Freundlich model predictions (lines) 
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Figure C. 12 Graphical evaluation of the Freundlich model fit of the experimental isotherm data of SBA-15 (a), 

[pmim][Tf2N]@SBA-30% (b), [pmim][Tf2N]@SBA-50% (c), and [pmim][Tf2N]@SBA-60% (d) at different 

temperatures. Experimental data (symbols), and Freundlich model predictions (lines) 

 

Figure C. 13 LnP vs. 1/T at different CO2 loadings for MCM-41 (a), [Bmim][Ac]@MCM-30% (b), 

[Bmim][Ac]@MCM-50% (c), and [Bmim][Ac]@MCM-60% (d) obtained using Freundlich isotherm model and 

Clausius–Clapeyron equation 
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Figure C. 14 LnP vs. 1/T at different CO2 loadings for SBA-15 (a), [Bmim][Ac]@SBA-30% (b), 

[Bmim][Ac]@SBA-50% (c), and [Bmim][Ac]@SBA-60% (d) obtained using Freundlich isotherm model and 

Clausius–Clapeyron equation 

 

 

 

 

 

 

 

 

 


