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ABSTRACT 

This research focused on addressing the pressing issues of greenhouse gas 

emissions that greatly contribute to climate change. Specifically, the focus was given to the 

reduction of anthropogenic CO2 emission and its subsequent conversion to commodity 

chemicals and fuels. In the first part of the research, a series of novel high temperature CO2 

adsorbents including double salts (K-Ca and Na-Ca) and metal-doped calcium oxide 

(Fex@CaO and Gax@CaO) was developed and evaluated. Both sets of materials exhibited 

high CO2 capacity, fast kinetics, and long-term stability.  In particular, at 650 °C, the doped 

adsorbents comprising of 10 wt% Fe@CaO and 10 wt% Ga@CaO exhibited the highest 

adsorption capacities of 13.7 and 14.2 mmol/g, respectively, which were at least 2-folds 

higher than that of the bare CaO. the bare material. 

In the second part of the research, an integrated capture-utilization process was 

designed, developed, and optimized to directly convert CO2 flue gas into syngas and 

ethylene. In particular, capture performance and catalytic activity of several dual-function 

materials (DFMs) were investigated for dry reforming of ethane (DRE) to syngas and 

oxidative dehydrogenation of ethane (ODHE) to ethylene under various process 

conditions. The DFMs investigated for DRE consisted of K-Ca, Na-Ca, Na-Mg, and K-Mg 

double salts mixed with Ni@γ-Al2O3, while for ODHE, a series of physically-mixed double 

salts (or CaO) with Cr@H-ZSM-5 were used. The results reported herein propose a novel 

integrated process for capture and utilization of waste CO2 into commodity chemicals and 

fuels in a sustainable manner. 
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1. INTRODUCTION 

Greenhouse gas emissions have greatly contributed into climate change issue. In 

2015 intergovermental panel on climate change (IPCC) has agreed to keep the average 

temperature rise below 2 oC by 2100. This necessitates significant efforts to reduce 

emissions resulting from anthropogenic actions. Also, increase the world population lead 

to increase the energy demand so new energy is required to meet this demand. Carbon 

capture and storage (CCS) is expected to contribute appreciably to the reduction of CO2 

emissions to the atmosphere. However, the high cost related to the storage infrastructure, 

CO2 transportation and compression could limit this process. Carbon capture and 

utilization is another potential solution that can address those issues, as treated CO2 as raw 

materials to produce good commodity like fuel and chemicals instead of considering it as 

waste. 

The goal of this investigation is to develop materials and processes for integrated 

CO2 capture and utilization into syngas and ethylene. First, high temperature adsorbents 

for CO2 capture were developed. Then the developed materials were treated physically or 

chemically with catalyst/support to produce dual function materials (DFMs) that has the 

capability to capture CO2 first and subsequently converted into syngas or ethylene. Those 

processes were conducted isothermally or semi-isothermally to eliminate the adsorbent 

regeneration that requires high temperature and thus a lot of energy is required. Also, 

conducting the process in single-unit bed (adsorber/reactor) reduce the capital cost. 

Overall, combined CO2 capture and utilization is a promising solution for addressing 
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climate issue due to the cost-effective approach and sustainable energy with less 

environmental footprint. 

The overall objective of this reseach is to engineer novel materials and processes 

for combined CO2 capture and utilization. The specific objectives are as follows: 

1. Develop double salts adsorbents based CaO at high temperature. 

2. Develop metal based CaO adsorbents at high temperature  

3. Develop and optimize dual function materials (DFMs) for integrated CO2 

capture and utilization into syngas through dry reforming of ethane. 

4. Develop dual function materials (DFMs) for integrated CO2 capture and 

utilization into ethylene through oxidative dehydrogenation of ethane. 
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PAPER 

I. CARBON CAPTURE AND UTILIZATION UPDATE 

Ahmed Al-Mamoori, Anirudh Krishnamurthy, Ali A. Rownaghi, Fateme Rezaei* 

Department of Chemical & Biochemical Engineering, Missouri University of Science 
and Technology, 1101 N State Street, Rolla, MO, 65409, United States 

ABSTRACT 

In recent years carbon capture and utilization (CCU) has been proposed as a 

potential technological solution to the problems of greenhouse gas emissions and ever 

growing energy demand. To combat climate change and ocean acidification, as a result of  

anthropogenic CO2 emissions, efforts have already been put forth to capture and sequester 

CO2 from large point sources especially power plants, however, utilizing CO2 as a 

feedstock to make valuable chemicals, materials, and transportation fuels is potentially 

more desirable and provides a better and a long-term solution than sequestration. The 

products of CO2 utilization can supplement or replace chemical feedstocks in the fine 

chemical, pharmaceutical, and polymer industries. In this review, we first provide an 

overview of the current status of CO2 capture technologies and their associated challenges 

and opportunities with respect to efficiency and economy followed by an overview of 

various carbon utilization approaches. The current status of combined CO2 capture and 

utilization, as a novel efficient and cost-effective approach, is also briefly discussed. We 

summarize the main challenges associated with design, development, and large scale 
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deployment of CO2 capture and utilization processes in order to provide a perspective and 

roadmap for development of new technologies and opportunities for accelerating their 

scale-up in the near future.  

 

1. INTRODUCTION AND MOTIVATION 

 

It is widely accepted that fossil fuels remain the main source of energy at least for 

the next 50 years and the CO2 emissions derived from such energy sources contribute 

greatly to global climate change.1 This will require deployment of advanced low carbon 

fossil energy technologies in the short-term. The December 2015 U.N. Climate Change 

Conference in Paris has agreed on a long-term goal of keeping average warming below 2 

°C that could be accomplished by considering two long-term emission goals: first, a 

peaking of emissions as soon as possible and then, a goal of net greenhouse gas neutrality 

(expressed as a balance between anthropogenic emissions by sources and removals by 

sinks) in the second half of this century.2 Therefore it is imperative to reduce such 

anthropogenic emissions.  

On the other hand, with the increase in world populations, demand for energy 

supply is expected to increase significantly over the next decades and thus new and 

renewable energy sources are required to meet this demand. The captured CO2 can be 

treated as a valuable feedstock for production of many value-added chemicals and fuels, 

thus providing a solution to both emission control and energy supply challenges.3  

The concepts of CO2 capture, utilization, and sequestration (CCUS) are commonly 

used in the context of carbon management and climate change. The CCS refers to 
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technologies that focus on selective removal of CO2 from gas streams, its compression to 

a supercritical condition, and finally its transportation and sequestration in geologic 

formations including depleted oil and gas reservoirs or oceans.4 Despite promises for 

mitigating large volumes of CO2 and despite extensive government incentives and 

regulatory drivers, high cost of CCS has largely impacted its large-scale deployment. The 

high cost of CCS comes primarily from capture and compression which accounts for 75% 

of the total cost of CCS. According to International Energy Agency(IEA) report published 

in 2013,5 CCS will greatly contribute to emissions reduction from all applicable processes 

in power generation and industrial applications (e.g. cement, iron and steel, oil refining, 

pulp and paper and biofuels sectors) through implementing 3,000 CCS projects around the 

world, with over 7,000 Mt CO2 annually stored in the process. 

As a more attractive alternative, CCU technologies have received a large deal of 

attention recently for turning the captured CO2, as a renewable carbon feedstock, into 

valuable products instead of permanently sequestering it. In fact, CCU treats captured CO2 

as a renewable resource to complement or alternate the conventional petrochemical 

feedstocks.6 Moreover, the long-term effects of sequestration is not a concern for this 

approach. Despite significant advantages offered by CCU in comparison to CCS, 

converting CO2 and utilizing it in chemical reactions is very challenging mainly due to the 

thermodynamically stable nature of CO2 molecule itself.  

The purpose of this paper is to review the most recent developments in the field of 

carbon capture and utilization while providing an overview of current challenges and future 

opportunities in the context of carbon management. Detailed description of various capture 

and utilization technologies falls outside the scope of this review and the interested reader 
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is referred to previously published reviews that, in addition to providing a detailed 

description, address life cycle analysis, risk assessments, and industrial ecology 

considerations of the CCU technologies.7–11. 

 

2. CO2 CAPTURE OPTIONS – CHALLENGES AND OPPORTUNITIES 

 

 CO2 capture technologies are either related to direct CO2 removal from flue gas 

streams (referred to as postcombustion) or development of advanced low carbon-intensive 

combustion systems (referred to as precombustion) that include integrated gasification 

combined cycle (IGCC), as well as oxyfuel combustion that employs pure oxygen to reduce 

the carbon intensity of power generation.12 Techno-economic analyses have indicated that 

the current CO2 capture technologies are energy-intensive and result in significant decrease 

in combustion efficiency as well as electricity price increase. The choice of capture 

technology differs widely across industries, depending on the source of CO2 and industrial 

processes generating CO2. Capturing CO2 from different sources have different energy 

penalties, for example, some industries such as ethanol production plants produce high 

concentration CO2 streams while thermal power plants produce CO2 at a very low 

concentrations, requiring much higher energy to recover.13 The latter however, is the 

largest source which is a conundrum in the industry. 

Typically, power plants alone account for ~45% of the worldwide CO2 emissions, 

thus offering significant opportunities for CCU or CCS options as main sources of captured 

CO2.14 Industrial deployment of postcombustion CO2 capture technologies will offer a 

larger economic impact on the reduction of capture cost than the other options. However, 
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in the best scenario, for a new power plant equipped with the current postcombustion 

capture technologies, the cost of capture is estimated to be about $56/ton, incurring an 

energy penalty of 62% to the power plant.11 Carbon capture has already been 

commercialized in chemical production and natural gas industry. Recently in 2014, 

SaskPower has demonstrated postcombustion CO2 capture from coal-fired flue gas on an 

industrial scale in Boundary Dam 110 MW Power Station.15 Shown in Figure 1, are various 

capture routes that have been investigated in industry and academia within the past few 

decades and will be discussed in the next section. 

 

 

 
Figure 1. Various carbon capture technologies and the corresponding materials being 

investigated currently. 
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2.1. ABSORPTION-BASED CO2 CAPTURE 

The most mature separation method in the oil and chemical industries involves 

absorption by chemical or physical solvents.3 This technology has been used intensively 

for both postcombustion (with chemical solvents) and precombustion capture (with 

physical solvents). Chemical absorption by aqueous ammonia, amine-based solvents such 

as monoethanolamine (MEA),  diethanolamine (DEA), and N-methyldie-thanolamine 

(MDEA), and alkaline solvents such as Ca(OH)2 and NaOH, is the most common method 

for postcombustion capture in various industries including cement, iron and steel, power 

plants, and oil refineries.16–19 The well-established commercial physical absorption 

technologies for precombustion CO2 capture include Selexol, Rectisol, Purisol, and Fluor. 

Recently, ionic liquids (ILs) have been identified as suitable alternatives to the 

conventional physical solvents used in the above processes as a result of their inherent 

properties such as low volatility, low vapor pressure, high thermal stability at elevated 

temperatures, and low regeneration energy requirement.20–22 However, their low working 

capacity is a main obstacle toward their widespread use in CO2 capture. 

Although absorption is a mature and well-established separation method which 

results in high capture efficiency, the energy penalty incurred is very high mainly due to 

the high energy requirements for solvent regeneration option.3 Although the heat 

integration can reduce the need for energy in some industries like power plants, other 

industries such as cement or iron and steel cannot provide such heat integration. Besides, 

other known operational limitations such as corrosion, and large volume of water makeup 

represent a significant barrier. Typically, chemical absorption relies upon thermal swing 

regeneration and thus optimal selection of solvents with an optimum combination of 
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thermal and physical properties is of paramount importance in developing energy-efficient 

absorption-based CO2 capture. For instance, piperazine (PZ) and PZ derivatives have been 

suggested as alternatives to conventional chemical solvents based on their superior 

performance such as fast reaction kinetics, low chemical reactivity, and low regeneration 

energy.23 Another opportunity is to enhance working capacity of ILs through incorporation 

of functional groups (such as perfluoroalkyl groups, amine and amino acid groups or 

carboxylate anions) that could eventually pave the way toward their utilization as solvents 

for CO2 absorption.24 The trade-off between heat of reaction and kinetics is another 

important consideration. Typically, for chemical absorption, employing solvents with a 

high heat of absorption (> 60 kJ/mol) could reduce energy consumption while utilizing 

thermally stable solvents with low regeneration energy requirements can greatly improve 

the thermodynamic efficiency of the separation process.4 Poisoning by impurities present 

in flue gas or other effluent streams is another challenge reducing the stability of chemical 

solvents, thus tolerance to impurities in addition to resistance to solvent oxidation and 

vapor losses should be considered as key performance metrics in developing novel aqueous 

solvents for CO2 absorption. Increasing the concentration of amines in aqueous solutions 

could help increase the capture capacity of amine solutions as well. 

In addition to advancement in materials development and optimal selection of 

solvents with better energy performance, process improvements are of equal importance 

for scaling up next- generation of absorption technologies. In that regard, next generation 

absorption processes with optimized process configuration and intensification that provide 

heat integration strategies such as interheated strippers (for effectively recovering heat 

from the stripper overhead) and intercooled absorbers (for providing more reversible 
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absorber operation with greater rich and lean loading), could offer a competitive CO2 

capture solution. 

2.2. CO2 CAPTURE BY MEMBRANE SEPARATION 

Generally, the use of membranes for gas separation applications can offer an 

energy-efficient and more environmentally friendly approach than other separation 

methods. Furthermore, membrane-based CO2 separation is usually operated under 

continuous, steady-state conditions and a pressure difference across the membrane drives 

the permeation process. Membrane’s material, configuration, morphology, and 

composition as well operating conditions are all key factors that dictate its gas separation 

performance to a great extent. Membrane separation for the removal of CO2 from power 

plants flue gas streams has been the subject of many studies.25–28 Application of membrane 

technology for postcombustion CO2 capture is very challenging mainly due to the low 

pressure of flue gas streams. In contract, membranes are more suitable for high pressure 

precombustion processes such as IGCC. Notably, compared to other capture routes, multi-

stage operation and streams recycling are often perceived as challenges which making the 

operation difficult and complex.  

Various porous inorganic membranes typically composed of zeolites, MOFs, 

carbon molecular sieves (CMS), ceramics, and a few oxides (alumina, titania, zirconia) 

have been extensively studied for CO2 capture from flue gas or other effluent streams. 

Although inorganic membranes can withstand high temperatures and often have 

mechanical stability, simply their high costs still hamper their commercialization. 

Inorganic membranes have not been demonstrated on a large scale yet and in fact, they are 
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still far from scale-up. The main challenges associated with their large scale utilization 

stem from their fabrication routes which are very expensive and their long-term stability 

and reliability.  

Conversely, polymeric membranes that can be easily formulated in hollow fiber 

modules have shown tremendous interests for large scale industrial applications. In 

addition, inorganic membranes cannot reach the high packing density offered by polymeric 

membranes, as in the case of polymeric composite hollow fiber membranes assembled in 

the modules, reaching up to 10,000 m2 of filtration area in 1 m3 of reactor at low production 

cost, crack-free thin membranes, and large-scale production.29–32 However, polymeric 

composite membranes have relatively low separation performance compared to inorganic 

membranes. For example, CO2 capture by current polymeric membranes still suffer from 

several drawbacks such as low CO2/N2 selectivity and permeability for postcombustion 

processes, the trade-off limitation between permeability and selectivity, swelling, aging, 

sensitivity to impurities, and mechanical stability especially for high pressure operations. 

For polymeric membranes to be cost effective for postcombustion CO2 capture, a minimal 

CO2/N2 selectivity of 200 is required while maintaining relatively high permeance.33 High 

permeability eliminates the need for a high membrane area needed for an acceptable 

separation rate, thus reducing the capital cost of the separation process. One way to address 

the challenges inherent with traditional polymeric membranes is to utilize polymers of 

intrinsic microporosity (PIMs) that contain large free pores within the polymer matrix thus 

allowing for higher CO2 flux. Polymeric membranes have been commercialized for CO2 

capture in natural gas sweetening. MTR has implemented a pilot-scale membrane-based 
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process for postcombustion CO2 capture from flue gas coming from a 880 MW pulverized 

coal power plant with a capture rate of 90%.34 

Facilitated transport membranes (FTMs) such as liquid membranes, ion-exchange 

membranes, and fixed carrier membranes have proven to be highly selective for CO2, 

however, they are subject to poisoning by trace amount of acid gases NOx and SOx present 

in flue and suffering from long term stability.35–37 Among various commercially available 

membrane types, hollow fiber membranes provide the highest surface-to-volume ratio, 

optimum geometry for high production rates and provide more compact modules compared 

to flat sheet or spiral wound units.35 Composite hollow fiber membranes comprising a thin 

selective layer with a thickness lower than a micrometer supported on a highly porous 

polymeric substructure provide opportunities for advanced membrane development.38  

Mixed matrix membranes (MMMs) formed by dispersing highly selective 

molecular sieve particles such as  zeolites, carbon nanotubes, layered silicates, MOFs, etc. 

in polymer matrix are promising contactors that combine the scaling up and processing 

polymeric membranes with the advantages in separation performance of molecular sieving 

materials. In comparison to porous zeolites, MOFs as fillers exhibit better properties such 

as higher pore volume and lower density, better affinity to polymer chains, and easily 

tanning cavities in terms of size and shape by choosing appropriate ligands with different 

functionalities. The MMMs provide a solution to go beyond the known polymeric 

membranes upper-bound trade-off limit as well as the inherent obstacles associated with 

the inorganic membranes cost and processing.39–45 However, they are still in their early 

stages of development and far from industrial deployment. Besides, their current 

fabrication process are costly and complex.  
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In the context of membrane CO2 capture, the future opportunities should therefore 

focus on composite membranes that take advantage of both polymeric and inorganic 

constituents and are capable of surpassing the current best performing membranes. 

Strategies to improve the composite systems via alternate chemistries, re-engineering the 

material systems and processing techniques will provide critical insight into the barriers to 

engineering sophisticated composite systems for future membrane-based CO2 separation.  

2.3. ADSORPTION-BASED CO2 CAPTURE 

CO2 capture over porous solid materials offers a promising approach in selectively 

removing CO2 from gas streams in various industries. To date, a variety of adsorbents have 

been extensively evaluated for CO2 capture from precombustion and postcombustion gas 

effluents. Generally, the adsorbents used are classified as either high-temperature or low-

temperature materials. The primary classes of high-temperature materials include 

hydrotalcites, alkali or alkaline earth oxides like calcium oxides, alkali silicates and 

zirconates, as well as double salts, whereas low-temperature adsorbents cover conventional 

porous materials such as zeolites, carbon-based materials (e.g. activated carbon, carbon 

nanotube, carbon nanofiber, graphene), molecular sieves, as well as recent classes such as 

MOFs/PPNs/COFs.46–51 The high-temperature adsorbents are all chemisorbents, while the 

low-temperature adsorbents are chiefly physisorbents.52 Supported amines are among the 

low-temperature adsorbents, but they are chemisorbents, with strong interactions with CO2.  

The efficiency and economic of adsorption processes such as pressure/temperature 

swing adsorption (PSA/TSA) are largely dictated by characteristics of the adsorbents in 

addition to process design and operation factors.53,54 Generally, for any gas separation 



 

 

14

application, adsorbents are required to satisfy several criteria in order to be efficient for 

large-scale separation. These metrics include high working capacity and selectivity, low 

cost, low regeneration requirements, long-term stability, and fast kinetics.52 In addition to 

adsorbents’ physiochemical properties, cycle configuration, number of steps, cycle time, 

operating pressures or temperatures, number of beds, etc. are other important process 

parameters that need to be optimized for optimum capture efficiency.  

In the context of adsorptive CO2 capture, the majority of lab-scale studies often 

overlook the performance of adsorbents under practical conditions. For instance, 

competitive water adsorption, structural, mechanical, and chemical stability to moisture 

that often exists in gas effluents, or the stability in the presence of other pollutants such as 

SOx, NOx (especially for postcombustion process), and fly ash are often not investigated. 

Retaining working capacity over many adsorption-desorption cycles and thermal 

management are other important criteria that are often overlooked in the design or 

screening of the adsorbents. In addition, most of the current studies fail to consider the 

ultimate process performance metrics while developing new materials. Although 

conventional zeolite 13X material is still the best choice in terms of capture cost for 

postcombustion under dry flue gas conditions, in comparison to best MOFs like HKUST-

1, and Mg-MOF-74,60,61 its water co-adsorption is still problematic which requires a guard 

bed or a dehydration unit before the PSA or TSA units. The design of composite adsorbents 

(such as zeolite or MOF functionalized amines) could address the known problems of 

conventional adsorbents and enable a cost-effective and highly-efficient capture approach 

for postcombustion CO2 capture. 
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Adsorption-based CO2 capture by PSA has attracted a great deal of attention due to 

simple process, low energy required, and low cost.55 However, low recovery for CO2 is still 

challenging for this approach.54 Generally, for postcombustion CO2 capture, vacuum swing 

adsorption (VSA) and TSA are more appropriate than PSA whereas (mainly due to large 

pressure drops in flue gas  application), PSA is more promising for precombustion 

process.56–59 Adsorbent particles attrition is another common process operation issue. The 

use of structured adsorbents such as monoliths or hollow fibers can address both pressure 

drop and attrition problems while allowing for rapid operation of cycles. Rapid swing 

cycles can enhance process throughput, thus allowing for smaller adsorbent inventory and 

column size. TSA process for CO2 capture is still far from large-scale implementation as a 

result of high energy requirement for adsorbent regeneration and long cooling step time. 

Novel approaches that offer heat management options such as hollow fiber adsorbents with 

a cooling medium flown in the bore side or monolithic structures with optimum thermal 

management could address these scale-up challenges.43,62–64 Moreover, in terms of process 

design, modifications in the original design that include novel indirect heating techniques 

such as heating jacket, heat-exchanger, or coils, could be implemented to further reduce 

energy consumption and/or shorten the required cooling time in the TSA process.56,65–68  

Although adsorption-based separation can address most of limitations of absorption 

processes, the current technologies developed/proposed so far, are not cost-effective at 

their current stage of development. Furthermore, no large-scale operation has been fully 

deployed yet.69–71 The design, development, and evaluation of high-performance 

adsorbents should be tightly coupled with their practical performance evaluations and 

process considerations. Moreover, cycle design, configuration, and optimization of any 
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cyclic process should take into account the characteristics of the specific adsorbent to be 

eventually used.  

2.4. CO2 CAPTURE BY CHEMICAL LOOPING 

Chemical looping processes such as combustion and reforming (CLC and CLR) are 

considered as potentially cost-effective CO2 capture options with minimum energy losses 

in which both CO2 and H2O are inherently separated from flue gas.72 They can also largely 

minimize NOx formation during reaction. For precombustion CO2 capture, the chemical 

looping can be combined with IGCC to produce syngas as a valuable by-product. These 

technologies use a metal oxide as an oxygen carrier to circulate oxygen between air and 

fuel reactors, thus, their large-scale applications are highly dependent upon the availability 

of suitable oxygen carriers. High oxidation/reduction activity, mechanical stability (in 

fluidized beds), resistance to agglomeration, high melting point (to withstand the reaction 

temperature and avoid agglomeration), long-term stability under repeated 

oxidation/reduction, as well as cost and environmental impacts are key characteristics of 

metal oxides (mainly transition metal oxides such as Fe, Cu, Co, Mo, Mn, Cr, Nb, V, Ce, 

and In oxides) for chemical looping processes.72 Off these properties, reactivity in both 

oxidation and reduction cycles is the most important criterion that should be considered. 

Moreover, these oxides should be capable of completely combusting the fuel to achieve 

maximum combustion efficiency. Current oxygen carriers investigated so far, are not 

capable of fulfilling all of the above requirements at once. 

Another challenge associated with chemical looping processes is high pressure 

operation required in order to achieve high overall efficiency, though high pressure may 
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be favorable for CCS applications. Recent energy analyses have indicated that calcium 

looping postcombustion process in particular, can incur an efficiency penalty of only 6-

8%.73–76 Such a low energy penalty stems from improvements in the original design of the 

two-bed (carbonator and calciner) Ca-looping process such as incorporating an extra heat 

recovery bed to exchange heat between the CO2 stream and the solid particles entering the 

calciner. Currently, most of chemical looping technologies considered for power 

generation sector are at the lab or concept stage of development with a few pilot-scale 

studies currently under investigation77–79 and it is projected that their full deployment will 

not take place before 2030.80 The technical hurdles from materials development and 

process design should be overcome in order to improve the current state-of-the-art 

chemical looping technologies. In that regard, novel chemical looping processes based on 

composite metal oxides such as Ca/Cu that provide the possibility of coupling an 

endothermic and an exothermic reaction in the same solid matrix could result in higher 

capture efficiency and lower equipment cost. 

2.5. DIRECT CAPTURE OF CO2 FROM AIR  

Direct removal of CO2 from ambient air, referred to as direct air capture (DAC), 

has recently gained significant attention among researchers because it could minimize the 

problems associated with transporting large volumes of CO2 from point source emitters to 

sites suitable for geological sequestration.81–85 In addition, unlike conventional capture 

processes that target only large-point sources and can at best slow the rate of increase of 

the atmospheric CO2 concentration, DAC, if widely adopted, can reduce the atmospheric 

CO2 level. Although the concept is essentially similar to adsorption-based CO2 capture, 
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due to ultradilute nature of CO2 in air (~ 400 ppm), the DAC technology has daunting 

technological challenges. As a result of ultra-low concentration of CO2, materials with 

strong binding affinities (sharp uptake at low partial pressures) and high CO2/N2 selectivity 

are required for this technology. Various aqueous hydroxides such as calcium hydroxide 

solution, NaOH and KOH solutions, as well as solid materials including alkali and alkali-

supported carbonates, anionic-exchange resins, amine-functionalized metal oxides, and 

MOFs have been evaluated for DAC.85 It should be pointed out here that not every high-

performance material that works well for large-point source CO2 capture would necessary 

perform at an acceptable level for DAC process, mainly due to the differences pointed 

above.   

Recent thermodynamic analyses have indicated that the TSA process is 

thermodynamically more efficient than the PSA for DAC application as the heat of 

adsorption or adsorbate affinity increases at dilute CO2 concentrations.86 At this point, the 

estimated DAC cost is significantly higher than that of capture from large-point sources 

($30-1000/ton and $30-100/ton, respectively). Such huge uncertainty in the design 

considerations and economic analysis of the DAC process must be addressed by clearly 

laying out the underlying assumptions. Moreover, to apply air capture on large scales, low 

cost and highly durable materials are required. Although still in the early stages of 

development, any DAC process must minimize the cost for its adoption and 

implementation in society. Using minimal amount of energy, ideally from a distributed 

renewable source such as solar thermal energy would be a potential pathway toward 

enhancement of the feasibility of DAC process.  
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2.6. CO2 CAPTURE BY HYBRID PROCESSES 

One of the promising approaches that offers a cost-effective capture path is through 

hybrid separations that combine two or more capture subsystems. The concept of hybrid 

processes in gas separation and reaction has been previously applied to several 

applications. Hybrid technologies take advantages of having two or more separations units 

in parallel or in series aiming at enhancing separation efficiency while at the same time 

decreasing the overall cost of separation. The feasibility of several hybrid concepts for CO2 

capture such as membrane-PSA and membrane-distillation have been investigated.87–91 A 

promising hybrid system with potential energy savings has been recently developed by 

American Air Liquide by which sub-ambient temperature (−50 °C to −20 °C) CO2 capture 

is carried out through a hybrid membrane-cryogenic distillation process.92 This hybrid 

process aims at retrofitting existing pulverized coal-fired power plants and is sought to 

enhance both membrane module productivity and selectivity, thus reducing both energy 

and capital costs of the capture process. For this technology to be widely adopted at large 

scale, a good heat integration strategy is crucial since all the feed gas needs to be cooled to 

sub-ambient temperature.  

For hybrid membrane-PSA systems, the idea is to use the high pressure membrane 

permeation stream in the pressurization and high-pressure adsorption steps of a typical PSA 

process. In addition, the membrane permeation could be incorporated into the blowdown 

step of the PSA cycle so that the operating pressure of the PSA can be used as the driving 

force for membrane permeation. Both these options can result in significant savings by 

eliminating the need for high duty pumps. 
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Another example of such integrated systems is hybrid pressure-temperature swing 

process (PTSA) that can be operated at moderate pressure and temperature, thus leading to 

lower capture energy cost.93,94 For this configuration, the need for a high vacuum level that 

is typically required in PSA to achieve high CO2 purity, or high temperature that is often 

essential in TSA to achieve high recovery could be dramatically avoided, thus leading to 

less expensive operation, faster cycles, and longer service life of the adsorbent.93 The 

general idea for designing PTSA is to get an effective mass transfer during adsorption and 

heat transfer during desorption steps.95 

Overall, based on the current status of state-of-the-art technologies hybrid 

processes that combine two or more capture routes should be considered as a novel 

approach for improving the separation efficiency and cost. However, it is imperative that 

the future of related research focuses on a complete understanding of these hybrid 

processes from perspectives of feasibility, process design considerations, choice of 

materials, environmental impact, and overall cost reductions by taking into account 

uncertainty factors. 

2.7. SUMMARY 

In summary, despite significant progress within the past few years, most of CO2 

capture technologies have still a long way to become commercially available in various 

industries. It appears that a bridge between materials scientists and engineers is crucial to 

fill the gap between materials characteristics and process performance. In other words, 

investigation of the relationship between materials properties and hybrid process 

parameters is crucial to build a unique and comprehensive strategy for the design of highly 
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efficient and cost-effective next-generation capture technologies that greatly contribute to 

CO2 emission reductions. Table 1 provides a summary of the current challenges and future 

opportunities related to various CO2 capture methods discussed in this section. 

 

Table 1. CO2 capture technologies and their associated challenges and opportunities. 

Capture 

Technology 

Challenges Opportunities 

Absorption  Equipment corrosion 
 Amine degradation 
 High regeneration energy requirement  
 High overall energy penalty 
 Environmental impact 

 Improvement in 
commercially available 
absorption technologies 

 The use of ILs 
 The use of advanced 

amines  

Membrane  Energy intensive for postcombustion 
application 

 High fabrication cost of novel membranes 
 Not suitable for high temperature applications 
 Trade-off between purity and recovery 
 Low selectivity 

 Composite hollow fiber 
membranes 

 MMMs 
 Hybrid membrane-

cryogenic processes 

Adsorption  Long-term stability to impurities and moisture 
 Thermal management 
 Pressure drop and adsorbent attrition 

 Composite adsorbents 
 Structured adsorbents 
 Rapid swing cycles 
 Hybrid membrane-PSA 

processes 

Chemical 

Looping 

 High pressure operation 
 Efficient and stable oxygen carrier materials 

 Composite oxides as 
oxygen carriers 

 Process design 
modifications 

Direct Air 

Capture 

 Ultradilute CO2 content  
 Energy intensive  
 Development of durable materials 

 DAC coupled with 
renewable energy sources  

 Structured adsorbents 

Hybrid 

Capture 

Processes 

 Less studied 
 Enhancement of synergy and process 

optimization  
 Development of hybrid materials 

 Membrane-distillation 
 Membrane-PSA 
 PTSA 
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3. CO2 UTILIZATION OPTIONS – CHALLENGES AND OPPORTUNITIES 

 

The utilization of CO2 can be considered as a viable option for providing a 

renewable energy source for production of various valuable products. The process is 

required to be economically viable, safe, and eco-friendly environment.96 The primary 

utilization route can be classified as enhanced oil/gas recovery, chemical conversion, 

mineralization, and desalination. Figure 2 shows various ways in which CO2 is being 

utilized. It should also be noted that, U.S. department of energy (DOE) categorizes the CO2 

utilization technologies into four main research focus areas that CCS program supports: 

cement, polycarbonate plastics, mineralization, and enhanced hydrocarbon recovery. 

CO2 is typically formed as a byproduct during ammonia synthesis. Additionally, it 

is produced during synthesis of ethylene oxide in the oil refinery and during fermentation 

process.24 As a raw material, CO2 is commonly used in beverages industry, food 

conservation, urea production, water treatment, enhanced oil recovery, chemical 

production, and polymer synthesis with the current global usage of 232 Mt/year.4,97 

However, urrently, less than 1% of CO2 emitted into the atmosphere is utilized as a raw 

material in the above industries.98,99 Efforts should be put forth to utilize the already 

captured CO2 into valuable commodities like transportation fuels or fine chemicals. 

3.1. ENHANCED OIL/GAS RECOVERY  

Enhanced oil/gas recovery (EOR/EGR) refers to a procedure in which a substance 

is injected to a reservoir to repressurize the rock formation and release any oil/gas that may 
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have been trapped in the formation. During CO2-EOR process, the injected CO2 mixes with 

the oil and releases it from its otherwise hard to recover rock formation. 

 

 

Figure 2. Various carbon utilization pathways. 

 

This stream is then pumped to the surface and the CO2 emerging with the oil is 

separated and re-supplied into the cycle to repeat the process. This process often yields 

more barrels per reservoir than the traditional oil recovery methods.100,101 Basically, CO2 

flooding is one of the most common and efficient methods used in EOR as it mixes with 

the oil, expanding it and making it lighter and easier to recover.102 Most CO2-EOR systems 

use naturally occurring CO2, but lately, research is focused on using CO2 captured from 
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potentially hazardous gas streams, such as flue gas and other industrial gas effluents.103 

Two commonly used CO2-EOR methods are continuous gas injection (CGI) and water 

alternating gas (WAG) with the later method yielding better oil recovery.104 In the CO2-

EOR, the addition of an intermediate hydrocarbon such as propane can improve 

displacement efficiency and diffusion coefficient, thereby further increasing the recovery 

efficiency.105 In general, the efficiency of the CO2-EOR depends largely upon temperature 

and pressure of the reservoir involved.106  

There are numerous challenges faced by the CO2-EOR methods. For instance, due 

to heterogeneity of the rock formation between the wells, fluid properties and capillary 

pressure reduce the effectiveness of CO2 flooding.107 Furthermore, a large number of 

parameters such as fluid production rates, compensated neutron log (CNL), and production 

log are required for an efficient execution.107 Despite these shortfalls, CO2-EOR/EGR is 

drawing a significant deal of attention and is predicted to rise rapidly in the near future. 

Overall, CO2-EOR/EGR is a promising approach in enhanced oil/gas recovery, with 

applications in most type of reservoirs. Despite this, currently, EOR contributes only to 3% 

of CO2 utilization. While advances in this field have been retarded by the price of CO2, it 

is steadily growing with numerous facilities having implemented this method in their 

reservoirs.108–110  

3.2. CO2 AS FEEDSTOCK FOR PRODUCTION OF FUELS AND CHEMICALS  

CO2 utilization is expected to overcome the known challenges associated with CCS 

such as high cost, public acceptance, and long-term uncertainty. Additionally, it makes 

CO2 capture worthy and can be substituted partially for fossil fuels, as the main source of 
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energy.111 It can open up new avenues for developing sustainable technologies that 

supplements the conventional fossil-based resources.  

3.2.1. Fuels Production.  CO2 conversion into fuels is considered the best route in 

CO2 utilization. Methane, methanol, syngas, alkanes, etc. can be produced by utilizing 

captured CO2 as a feedstock. The fuel produced could be used in various sectors including 

fuel cell, power plant, transportation, etc.4 There are tremendous pathways for producing 

fuels by CO2 utilization. Since CO2 is a thermodynamically stable molecule, its utilization 

requires the application of a large amount of heat and catalyst inventory to obtain high fuels 

yields.98 In the context of fuels production from captured CO2, hydrogenation process and 

dry methane reforming (DRM) are the two important pathways.112  

CO2 hydrogenation is very promising route for CO2 utilization mainly because it 

offers the possibility of recycling CO2, storing H2, producing fuel, and solving the issue of 

electric energy storage.99 DRM is also considered as one of the most important pathways 

for production of methanol and a variety of other liquid fuels by Fischer-Tropsch (FT) 

process.113–115 In the hydrogenation of CO2 into methane,116 methanol,117 carbon 

monoxide,116 and formic acid,118 the source of hydrogen from fossil fuel appears to be 

problematic as this can itself lead to increase in CO2 emissions to the atmosphere. 

However, renewable energy (solar, wind, biomass) can be alternatives to fossil sources to 

mitigate additional CO2 emissions during hydrogenation.24 Recently, Audi motor 

company’s “e-gas” in Germany has produced 1000 Mt/year of methane by CO2 

hydrogenation.119  

For transportation, methane is not valuable as fuel because it has low volumetric 

gas density. Besides, its global warming potential (GWP) is 30.98 Producing more methane 
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will not be profitable to CO2 capture because of its availability (methane is plentiful in 

natural gas, shale gas, coal gas, and landfill gas). Rather, CO2 hydrogenation to methanol 

appears to be a better pathway.120 However, C-H bond activation over current catalysts 

(mainly Cu-based) for methanol production is very challenging and the current catalysts 

tested so far are not economically attractive.121–123 Although methanol has many 

applications in paints, plastics, combustion engine, and organic solvents,98 its production 

contributes to only 0.1% of CO2 emissions reduced.124 CO2 conversion to CO from reverse 

water gas shift (RWGS) reaction is one of the most important routes for CO2 utilization 

because CO is a raw material for methanol and hydrocarbon fuels synthesis through FT 

reaction.123 Despite this, the endothermic nature of RWGS reaction and low conversion at 

moderate temperatures are the two main bottlenecks to deploying large-scale methanol 

production from CO2 through FT process. Additionally, developing active catalysts that 

can accelerate the reaction kinetics and maximize the yield represents another significant 

barrier.  

Recently, DRM has attracted significant research interest in utilizing CO2 for 

syngas production.125–127 Typically, the purity of syngas that is produced by DRM is higher 

than that of produced by partial oxidation and steam reforming.128 In addition, the amount 

of unreacted methane in DRM  process is only 2% which is less than that in steam 

reforming, thus making it possible to apply DRM at remote natural gas sites for production 

of liquid fuels that are easier for transportation than gaseous fuels.114 Ni, Ni-cobalt, Ru, Ir, 

and Rh supported on silica, alumina, and lanthanum oxide have been evaluated extensively 

in the DRM reaction.129 Despite significant advances in development of DRM catalysts 

with high activity and optimum stability, finding a suitable catalyst for this reaction still 
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remains a big hurdle specially at high operation temperature, since deactivation by coke 

formation is inevitable at high temperatures (> 700 °C).130–134  

Oxidative dehydrogenation of light alkanes to alkenes (ODA) with CO2 as a soft 

oxidant (instead of O2 that is typically used in dehydrogenation processes) is another 

attractive approach that can reduce the amount of coke formation and maintain the stability 

of the catalysts at elevated temperature.135–139 Moreover, CO2 enhances equilibrium 

conversion of oxidative dehydrogenation of light alkanes by removing hydrogen through 

RWGS reaction.140 However, care must be taken in monitoring the temperature as excess 

heat would cause the olefins to undergo over-oxidation which yields carbon oxides 

resulting in low selectivity.141 CO2 also forms the redox cycle and produces active oxygen 

species. The role of CO2 in ODA and the mechanism of this reaction is unclear and 

dependent on the nature of active sites, metal reducibility and its supporting material.142 

Despite initial high activity, the catalysts investigated so far suffer from low stability. 

It is apparent from above discussion that the main hurdle in utilizing the captured CO2 as 

a feedstock for production of synthetic fuels lies in design and development of novel 

catalysts that not only exhibit high catalytic activity under different reaction conditions but 

also resistant to coke formation and show long-term chemical and structural stability. 

3.2.2. Chemicals Production.  In addition to synthetic fuels, CO2 can be used as 

feedstock to produce a large array of fine chemicals. The most important applications are 

urea (~160 Mt/year), inorganic carbonates (~60 Mt/year), polyurethane (~18 Mt/year), 

acrylic acid and acrylates (10 Mt/year), polycarbonates (4  Mt/year), and alkylene 

carbonates (a few kt/year).4 Urea, as a major fertilizer, has the largest market for CO2 
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utilization.4,143 It is also widely used as feedstock in polymer synthesis, pharmaceuticals, 

fine chemicals, and inorganic chemicals such as melamine and urea resins.144,145 

Organic carbonates such as acyclic (linear) carbonates (e.g. dimethyl carbonate 

(DMC), diallyl carbonate (DAC), diethyl carbonate (DEC), diphenyl carbonate (DPC)), 

cyclic carbonates (e.g. ethylene carbonate (EC), propylene carbonate (PC), cyclohexene 

carbonate (CC), styrene carbonate (SC)), polycarbonates (e.g. poly-(propylene carbonate), 

and bisphenol polycarbonate (BPA-PC)) that have many applications in pharmaceuticals, 

agrochemicals, polymers, lubricants, coating, and catalytic reactions, are another class of 

chemicals that could be produced from captured CO2.96,125 The challenges of this process 

arise from operation at high temperature and pressure and the need for high catalyst 

inventory. Moreover, the separation of the catalyst from the products is also another 

challenge in this process.96,125 In the production of polycarbonates from the reaction of CO2 

with epoxide, the commercially available Al-based catalysts are widely used which are not 

environmentally friendly. In this regard, oxidative carboxylation route is an alternative with 

great potential to synthesize polycarbonates from CO2 and olefins.114 Polyurethane is 

another chemical produced by reaction of CO2 and cyclic amines such as aziridines and 

azetidines or N-analogues of epoxides.114,146  

Another important chemical that could be obtained through CO2 utilization is 

formic acid. Hydrogenation of CO2 into formic acid has recently attracted some interest 

mainly due to: (i) the mild reaction conditions, (ii) no formation of by-products, (iii) ability 

to store hydrogen in liquid form, and (iv) easily decomposing of formic acid into hydrogen 

and CO2.99,144 
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Biological utilization of CO2 offers another pathway for production of biodiesel 

and various biomass-derived commodity chemicals (used as food, silage, biogas, and 

fertilizer).147 The advantages offered by this approach include higher growth rate, shorter 

growth cycle, no competition on the land with other plants, and production of different 

valuable by-products. However, the captured CO2 should be purified prior to feed into 

photobioreactor to remove pollutants such as SOx , NOx, and heavy metals that are toxic to 

the growth of microalgae.9 

In addition to EOR, utilizing CO2 as a technological fluid without conversion to 

chemicals has found applications in many industries including air conditioning (as 

coolant), solvent, dry-washing, food reservation, and beverage.4,97,99 generally, EOR 

consumes 50 Mt/y CO2 while 8 Mt/y CO2 is consumed in food and beverage industry.148 

Overall, although there is a great market in turning the captured CO2 into chemicals and 

fuels, the proposed lab-scale technologies are still far from industrial commercialization. 

The reason for that is partly because the materials investigated so far are expensive to make 

yet not chemically stable, and partly because in most cases, CO2 conversion rates and 

overall yield of the main products are low and thus do not meet the requirements for large-

scale deployment. Moreover, there still exists limited understanding of reaction 

mechanisms involved in chemical transformation of CO2. Evaluating the process 

requirements and considerations is also overlooked in this field. 

3.3. NON-GEOLOGIC STORAGE OF CO2 (MINERALIZATION) 

Non-geologic storage or mineral carbonation of CO2 results in the production of 

stable mineral carbonates by reacting CO2 with metal oxides such as calcium and 
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magnesium oxides that are naturally abundant in the form of mineral silicates.149 

Carbonation of magnesium and calcium silicates through spontaneous reaction with 

atmospheric CO2 at ambient conditions is a naturally occurring process (known as natural 

weathering) which is thermodynamically favored, however, it is very slow.4 Artificial 

improvement of the carbonation kinetics can be achieved by injecting fluids with a higher 

concentration of CO2 and increasing the temperature. Despite significant efforts devoted 

to accelerate this reaction, the slow kinetics is still the main drawback in scaling up the 

mineralization process.4 Additionally, this process is energy-intensive since it requires 

extracting, processing, and transportation of the rocks, as well as high pressure (100-150 

bar) and temperature (150-600 °C) to achieve carbonation efficiency higher than 80%.149 

Also, the duration of carbonation reaction is very long (6-24 h) and rocks should be mined 

(<37 µm). Large plant size, the need for additives to extract reactive species and separate 

(or dispose of) reaction products are other components of cost penalty.150 In a sense, 

mineralization process may be viewed as a sequestration method because it aims at 

permanently fixing CO2, but unlike CCS that suffers from leakage (geological storage of 

CO2) the carbonates are stable and safe.151 Also, the exothermic nature of the 

mineralization reaction along with the geothermal gradient (up to 20 °C/km) contribute to 

the reduction in energy consumption. Moreover, since pure CO2 is not required for this 

process, flue gas can be used directly without removing impurities such as SOx and NOx.152  

To address the operational and technological drawbacks associated with direct 

carbonation process, indirect carbonation (indirect storage) can be implemented in multiple 

reactors. In this method, high carbonation efficiency and purity can be obtained in the 

presence of additives under mild conditions and shorter time periods.151,153 Another 
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advantage of this process is the production of diverse commodities such as 

magnesium/calcium carbonate, iron oxide, and silica that could compensate the process 

cost. However, since this process is complex, optimizing the operation conditions should 

be performed separately for each step.4 In addition, the energy cost is still a main obstacle 

which prohibits its commercialization.149,151 To reduce energy cost, other materials such as 

acetic acid, ammonium salts, and sodium hydroxide can be used instead of hydrochloric 

acid that is typically used in this process.151,154 Accelerating the reaction kinetics through 

advanced materials is one way to improve the efficiency of the process.153 Indirect mineral 

carbonation is considered to be the most useful process and it has the potential to be scaled 

up in the near future.155 A near complete in-situ CO2 mineralization in Basaltic rocks has 

been recently achieved under a two-year time frame.156 

A possibility to upgrade alkali metal wastes into high commercial value-added 

products such as high-purity precipitated CaCO3 through carbonization is a promising 

approach that should be the focus of future research in this field.151–154,157 As an example, 

carbonation of Ca-carrying cementitious materials through reaction with CO2 resulted in 

the development of high early stage strength for building materials applications, achieving 

CO2 uptake of 7–12% in the process.158 To date, only a few projects based on the utilization 

of inorganic wastes have moved to the commercial or small-scale demonstration phase. For 

example, retrofitting a cement plant in Texas by SkyMine® (Capitol Aggregates) to reduce 

its carbon emissions by 15% (83,000 t/year) through direct transformation of flue gas into 

marketable products, such as sodium bicarbonate, hydrochloric acid, and bleach is 

approaching the commercialization step. In another example, a pilot-scale demonstration 
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of mineral carbonation process based on utilization of coal fly ash to reduce CO2 emissions 

has been installed at a 2120 MW coal-fired power plant in Point of Rocks, USA.159.  

3.4. DESALINATION AND WATER PRODUCTION  

As another promising utilization approach, captured CO2 could be used to remove 

total dissolved solids (TDS) and transform brine to water.160–163 The resulting potable water 

could be utilized in places where there is a deficiency.6 While most desalination plants do 

not employ CO2 to perform desalination due to economic constraints, new technologies are 

being developed for the cheap and efficient utilization of CO2 in this process. When sea 

water, mixed with ammonia (to weaken the salt molecules), is exposed to CO2, the already 

weaker bonds start to form leading to removing the ions from the water phase.163 The 

products formed, Na2CO2 and NH4Cl, are heavy and thus can easily settle to the bottom of 

the tank. The latter can be recycled by thermal operations with calcium oxide or be used as 

feedstock for ammonia and chlorine synthesis. Hydrate forming method is another 

technique used for desalination which involves the formation of hydrates using CO2 to 

separate the salts from water.164,165 In this approach, CO2 can be in either gas or liquid form. 

The CO2 hydrates are either dumped into the ocean or transported elsewhere.166 The 

ammonia-carbon dioxide forward osmosis process is yet another desalination technique 

that employs CO2.162 In this process, the driving force is osmotic pressure instead of 

hydraulic pressure in reverse osmosis and by using a ‘draw’ solution, the brine and fresh 

water are separated.  

One problem commonly faced with the desalination processes is the brine waste 

that is generated in very large quantities during the process.167 Additionally, high salt 
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concentrations, solvent chemical residue, and metal corrosion have the capacity to 

destabilize local ecosystem.168 To overcome these problems, the use of three main units 

namely, carbonation, filtration, and recovery has been proposed for chloride and amine 

compounds.169  

Desalination is unlikely to penetrate the market without any significant cost 

advantages. According to the recent DOE report published in 2013, the cost of potable 

water production with ~21 ppm TDS from 233,000 ppm brine using three stages of CO2-

based clathrate desalination is estimated to be $3.17/Kgal.170 Depending on the source of 

brine the cost could vary significantly. The estimated desalination costs are currently higher 

than agricultural or municipal water costs, thus making CO2-based desalination technology 

less attractive to address water market. In particular, given the high cost of providing 

agricultural quality water via CO2-based desalination, it is highly unlikely that this 

technology could be adopted to supply agricultural water.  Overall, although CO2 remains 

an attractive option for desalination, the current cost of potable water produced by the CO2 

related technologies is far from being competitive. 

3.5. SUMMARY  

In summary, the future prospects of carbon utilization technologies are bright and 

there is a huge potential in various industries to market utilization of captured CO2, as a 

renewable resource, instead of permanently sequestering it underground or in the oceans. 

It is expected that with future research and development on the key components of CO2 

utilization discussed above, the majority of proposed or emerging technologies related CO2 

utilization will continue to lower costs, making more of the fine chemicals, fuels, and water 
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markets addressable with sustainable CO2-based processes. Adopting these emerging 

technologies depends to a great extent upon their cost-effectiveness.  

 

Table 2. CO2 utilization technologies and their associated challenges and opportunities. 

Utilization  

Technology 

Challenges Opportunities  

Chemical 

Conversion 

 High operating conditions 
 Complexity of reaction pathways 
 Stability of catalysts to coke 

formation 
 Low conversion and product 

yield rates 
 Catalyst regeneration 
 Development of highly selective 

catalysts 

 Dry reforming of methane 
 Catalytic reduction to formic 

acid and its derivatives 
 Noble metal doped transition 

metal catalysts 
 Biological pathways to 

synthetic fuels 
 Oxidative dehydrogenation 

Enhanced 

Oil/Gas 

Recovery 

 Transportation of CO2 
 Large number of parameters 

involved 
 Fluctuations in oil price 

 Water alternating gas  
(WAG) system 

 Compensated neutron  
log (CNL) 

Mineralization  Slow kinetics 
 High pressure and temperature 

operation 
 Expensive to implement 

 Indirect carbonation 
 Utilization of inorganic 

wastes 

Desalination  Equipment corrosion 
 Expensive operation 
 Large amount of brine waste 

 Providing potable water to 
residential and municipal 
customers  

 Possible implementation in 
various regions 

 Modified Solvay process 

 

To date, only a small fraction of CO2 captured from gas effluents has been actually 

utilized in providing energy or producing other value added products. The estimated high 

cost along with their efficiency are the two key factors responsible for such a slow progress. 
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Table 2 provides a summary of the current challenges and future opportunities associated 

with various CO2 utilization routes discussed in this section. 

 

4. COMBINED CO2 CAPTURE AND UTILIZATION 

 

Combining capture and utilization offers an efficient strategy to minimize the high 

energy requirements for direct chemicals/fuels production from waste gas streams 

especially when the capture and utilization are carried out at the same temperature. Such 

process intensification will lead to smaller, cleaner, and more energy-efficient 

technologies. The concept of hybrid processes in gas separation and reaction has been 

previously applied to several applications. For instance, membrane-reactors (MRs) 

combine a membrane separation with a chemical reaction in one unit. MRs are capable of 

promoting a reaction process by selectively removing at least one of the products through 

the membrane from the reaction zone, making the equilibrium reaction shift to the product 

side.171–173 Sorption enhanced reaction (SER) is a similar concept that combines adsorption 

and reaction in a single unit. SER has been widely applied to water gas shift (WGS) 

reaction for production of high purity hydrogen.174–180 In this process, the in-situ capture 

of CO2 allows the thermodynamically constrained WGS process to operate at higher 

temperatures (i.e., 350 °C) where reaction kinetics are more favorable.179 Such novel 

concepts could be adopted for simultaneous CO2 capture and utilization in various 

industries. The schematic of proposed capture-utilization process is illustrated in Figure 3. 
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Figure 3. Schematic of proposed combined carbon capture-utilization process. 

 

The concept of chemicals and fuels production directly from industrial flue gases 

over a dual-function material has been previously applied to the production of syngas (CO 

and H2), a useful reactant for methanol synthesis.181–183 In this process, called tri-reforming 

of methane, a synergetic combination of CO2 reforming, steam reforming, and partial 

oxidation of methane occurs in a single reactor at 850 °C with supported nickel 

catalysts.181–183 In another example, the in-situ capture and methanation of CO2 has been 

studied over a dual-function material in the form of coated monolith to produce synthetic 

CH4 using H2 at 320 °C.184–187 Hydrogenation of CO2 is another example of combined 

capture and reduction that has been recently reported.188 Simultaneous capture and 

mineralization of coal combustion flue gas CO2 is another example of hybrid processes 

that has been demonstrated at a pilot scale in the US.159 

 Such integrated systems could provide a solution to both the energy and 

environmental problems currently encountered worldwide. However, creation of novel in-

situ capture-conversion technologies requires advancements in both materials science and 
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process engineering. Given the different nature of adsorption and catalysis, the 

fundamental aspects of hybrid adsorbent/catalyst characteristics in conjunction with 

process considerations and operation conditions should be carefully studied to obtain a 

highly efficient and cost-effective technology. Also, for direct utilization of waste gas 

streams, the resistivity of materials (especially catalysts) to impurities may pose a challenge 

and efforts should be undertaken to ensure the reliability of the materials for a long service 

life.  

 

5. OUTLOOK 

 

In this short review, current challenges and future opportunities of carbon capture 

and utilization technologies were presented and discussed from perspectives of efficiency 

and cost. Indeed recent years have witnessed significant advancements in design and 

development of various CCU technologies with a few cases being deployed on an industrial 

scale. However, the majority of technology options being considered so far are still at the 

lab-scale stage of development. In both scenarios, commercial implementation of novel 

materials that outperform the current state-of-the-art materials in each respected technique 

will certainly decrease energy requirements of both capture and utilization processes. 

However, research and development on materials concepts should be coupled with process 

performance considerations to better evaluate their potential under real conditions. Having 

such holistic view of both materials and processes and a mutual communication between 

materials scientists and engineers will help accelerate scale-up of CCU technologies 

dramatically. In addition, small-scale evaluation of materials or processes should take into 
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account the large-scale implementation requirements in order to provide a realistic 

evaluation of the performance and to reduce the uncertainties in estimating the associated 

costs. Cost effectiveness is the ultimate factor determining the feasibility of the adoption of 

many emerging CCU technologies.  

Long-term stability of the materials used in most CCU methods is an important 

consideration that not only impacts the system performance but also affects the economics 

of the process. In the context of utilization, in particular the production of fuels and 

chemicals, the use of renewable energy sources can bring down the total cost while 

providing a sustainable approach for production of value-added products. In most 

technologies, system integration and process intensification will enable a cost-effective 

approach to improve the separation and thermodynamic efficiency, however, the 

complexity of the operation and other related issues should be considered as well.  

Hybrid processes that couple either CO2 capture subsystems or offer a simultaneous 

capture and utilization approach should be the focus of future research as the 

thermodynamic analyses of such systems have highlighted their energy efficacy and cost-

effectiveness (by reducing both capital and operating costs). Although the emerging hybrid 

systems appear to have many hallmarks of next-generation CCU technologies, more 

research (e.g. materials development, processes operation requirements) and development 

(synergistic assessment studies and process scale-up) are required for these emerging 

technologies to become commercially available in the near future. Any feasibility study 

should also include other considerations related to environmental impacts, risk assessment 

and life cycle analysis. 
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ABSTRACT 

Development of highly efficient adsorbents for high temperature CO2 capture 

process is crucial for large scale implementation of this technology. In this work, 

development of novel potassium- and sodium-promoted CaO adsorbents (K-Ca and Na-

Ca) is discussed and their CO2 capture performance at high temperatures is presented. A 

series of K-Ca and Na-Ca adsorbents with various K/Ca or Na/Ca molar ratios were 

developed and tested for CO2 capture at high temperatures ranging from 300 to 400 °C. 

The structural, chemical, and morphological characteristics of the double salts were 

systematically evaluated before and after exposure to CO2. Our results indicated that CO2 

capacity is largely influenced by both K or Na concentration and adsorption temperature. 

A maximum capacity of 3.8 and 3.2 mmol/g were obtained for K-Ca and Na-Ca double 

salts, respectively, at 375 °C and 1 bar. Further investigation of the effect of temperature 

revealed that the window temperature for operation ranges from 300 to 650 °C while 

beyond 650 °C, the double salts start to decompose and lose capacity. Moreover, it was 

found that both adsorption kinetics and capacity improve with temperature, with CO2 

uptake reaching a maximum 10.7 mmol/g at 650 °C over K-Ca double salt. This study 
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represents alkali metal-promoted CaO adsorbents as potential high-temperature adsorbents 

with similar performance to their MgO-based analogues. 

 

1. INTRODUCTION 

 

CO2 emissions are continuously increasing due to ever increasing energy demand 

and population growth. Climate change that has recently affected various places around the 

world is a result of such excessive emissions which necessitates extensive effort to alleviate 

the greenhouse gas emissions. One of the most promising technologies to mitigate CO2 

emissions is adsorption due to its easy installation, relatively low cost, and low required 

energy, in comparison to the benchmark amine scrubbing process.1–3 Recently, CO2 

adsorption at high temperature has attracted a great deal of attention since it offers various 

opportunities in processes such as sorption enhanced reaction (SER) and integrated 

gasification combined cycle (IGCC).4,5 Additionally, there is no need to cool down flue 

gas to the ambient temperature and thus lose a lot of energy.6 Furthermore, development 

of high temperature adsorbents for simultaneous CO2 capture and conversion process in 

which CO2 is first separated from flue gas and then is converted to commodity chemicals 

or fuels has recently gained interest among researchers worldwide.1,7 However, selecting a 

suitable adsorbent is still challenging due to the high capacity, stability, selectivity, and 

fast adsorption/desorption kinetics requirements.8 In addition to these criteria, the 

adsorbents are required to be practical, inexpensive, and regenerable. 

To this end, there has been a wide variety of porous materials developed for CO2 

capture at both low and high temperatures.9–14 Among solid adsorbents investigated so far, 
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only a few materials such as calcium oxide (CaO), hydrotalcite (HT), calcium chabazite 

(CHA), alumina, and a few mixed-metal oxides have demonstrated favorable 

characteristics at elevated temperatures.8,15–18 In large-scale CO2 capture applications, CaO 

is advantageous compared to other adsorbents on account of higher capture capacity (~17.9 

mmol/g at above 600 °C), low cost, and wide availability of precursors such as limestones 

or dolomites,15,19–21 however, high temperature regeneration (i.e., above 800 °C) and low 

stability due to sintering could outweigh these benefits. Additionally, slow sorption 

kinetics due to the formation of CaCO3 which results in limited CO2 diffusion is another 

challenge associated with the practical use of CaO-based adsorbents.17 The HTs, also 

known as layered double hydroxides (LDH), are composed of positively charged brucite-

like layers with trivalent cations partially substituting divalent cations. This class of 

adsorbents shows good stability in the presence of water vapor and enhanced capacity when 

impregnated with alkali metals.19,22–25 Despite these noticeable advantages, their relatively 

low capacity is still challenging for industrial applications.22 Recently, Kim et al.26 reported 

a high CO2 uptake (ca. 9.27 mmol/g) over HT at 240 °C and 1 bar, but the capacity dropped 

dramatically to below 3.0 mmol/g after 16 cycles. CHA consists of double-six ring (D6R) 

units arranged in layers that are linked together by tilted 4-membered rings and is capable 

of yielding high CO2 selectivity due to the molecular sieving effect.8,27,28 To enhance CO2 

capacity of CHA, ion exchange can be done with Na, Ca, K, Mg, Li, and Ba ions.28,29 

Development of more efficient adsorbents is needed for CO2 capture at high 

temperatures (i.e., 300-400 °C). Recent works have demonstrated the potential of double 

salts for effectively capturing CO2 with reasonable stability.18,26,30–33 Harada and Hatton30 

prepared colloidal nanoclusters of MgO coated with Li, Na, and K nitrates/nitrites with 
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various salts loadings and showed that both CO2 uptake and adsorbent regenerability can 

be enhanced by introduction of nitrite salts to the coating layer of MgO particles through 

the formation of magnesium nitro or nitrate species. In another investigation, Lee et al.18 

studied the effect of pH on double salt potassium based magnesium K-Mg by using 

different precursors for potassium (KOH/K2CO3). The authors showed that CO2 capacity 

improves upon increasing pH of the potassium precursor. They also reported that K-Mg 

double salt has a rapid adsorption/desorption kinetics. Lee et al.33 prepared a Na-Mg double 

salt by precipitation method and investigated for CO2 capture. The authors reported a 

relatively high CO2 uptake (3.48 mmol/g), good stability, and quick sorption kinetics at 

375 °C and 1 bar. 

Most of double salts adsorbents investigated so far are based on MgO coated or 

doped with molten salts of alkali earth metals such as lithium, sodium or potassium. Most 

recently, Huang et al.35 reported development and evaluation of sorption performance of a 

series of alkali carbonate molten salt-coated CaO adsorbents. On the basis of their 

experimental results, the authors concluded that (Li-K)2CO3 molten salt coating not only 

enhances CO2 uptake, but also facilitates the CO2 desorption from CaO. They correlated 

this uptake enhancement to the role of coated molten salts in preventing the formation of a 

rigid CaCO3 layer on the surface of CaO particles and providing a continuous delivery of 

CO3
2- to promote CO2 capture. Generally, MgO-based adsorbents exhibit much lower 

capacity at higher temperatures (> 400 °C) than CaO-based double salts, thus they are 

suitable for use at milder temperatures. On the other hand, although CaO-based adsorbents 

exhibit improved uptake with increasing temperature, they suffer from sintering during 

regeneration, as stated above, displaying reduction in their cyclic capacity. Significant 
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efforts have been put forth to overcome this issue including the use of a porous support for 

CaO particles, the use of other naturally occurring precursors instead of limestone, or 

obtaining CaO from sintering-resistant precursors, among others.36,37   

Motivated by the search for a better high-temperature CO2 adsorbent and the need 

for an active adsorbent as a catalyst support that could be used in simultaneous CO2 capture 

and conversion process, the objective of this study was to develop practical adsorbents that 

could be used in hybrid CO2 capture (from flue gas) and conversion process at high 

temperatures (i.e., 300-400 °C). More specifically, this work focused on development of a 

series of double salts such as potassium-promoted calcium (K-Ca) and sodium-promoted 

calcium (Na-Ca) adsorbents for CO2 capture that could later be used for development of 

hybrid adsorbent-catalyst materials. 

 

2. EXPERIMENTAL SECTION 

 

2.1. PREPARATION OF DOUBLE SALTS  

2.1.1. Double Salts K-Ca. Potassium-promoted calcium oxide adsorbents were 

prepared according to the procedure described in the literature.18 Briefly, a desired amount 

of potassium carbonate (K2CO3) was added to appropriate volume of distilled water. 

Potassium hydroxide (KOH) dissolved in distilled water was then added to the K2CO3 

solution. In the next step, the new solution was added drop-wise to the calcium nitrate 

tetrahydrate (Ca(NO3)2.4H2O) dissolved in distilled water. The final solution was stirred 

for 1 h at 700 rpm and allowed to settle down. After that, the precipitated particles were 

filtered using vacuum filtration, then dried in the oven over night at 120 °C, and finally 
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calcined at 700 °C for 5 h with ramping step of 10 °C/min. The molar ratios of the 

precursors are presented in Table 1. The samples were labeled as K-Ca-1, K-Ca-2, and K-

Ca-3. 

 
Table 1. K-Ca double salts composition. 

Name K/Ca mol 

ratio  

K2CO3 weight 

(g) 

KOH weight 

(g) 

Ca(NO3)2.4H2O weight 

(g) 

K-Ca-1 3.3 12.09  0.79  41.33 

K-Ca-2 6.7 24.19 1.57 41.33 

K-Ca-3 10 36.28 2.36 41.33 

 

2.1.2. Double Salts Na-Ca. Sodium-promoted calcium oxide adsorbents were 

synthesized according to a previously reported procedure.33 Briefly, 8.1 g of 

Ca(NO3)2.4H2O was dissolved in 100 mL distilled water and then desired amounts of 

sodium carbonate (Na2CO3) were added gradually to the solution and stirred for 1 h at 500 

rpm. In the next step, the solution was allowed to precipitate and then dried at 110 °C 

overnight before calcination at 700 °C for 3 h with ramping step of 10 °C/min. The samples 

were labeled as Na-Ca-1, Na-Ca-2, and Na-Ca-3 with the compositions shown in Table 2. 

2.2. CHARACTERIZATION OF DOUBLE SALTS  

Phase analysis of adsorbents before and after CO2 exposure was performed by XRD 

experiments using PANalytical X’Pert Multipurpose X-ray Diffractometer with scan step 

size of 0.02 °/step at the rate of 147.4 s/step. Surface area and total pore volume of the 

adsorbents were estimated from N2 physisorption data obtained by measurements 
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performed on a Micromeritics 3Flex gas analyzer at 77 K. FT-IR experiments were carried 

out on a Nicolet Nexus 470 optical bench. 

 

Table 2. Na-Ca double salts composition. 

Name Na/Ca mol ratio  

(%) 

Na2CO3 weight  

(g) 

Ca(NO3)2.4H2O weight  

(g) 

Na-Ca-1 2.8 10  8.1 

Na-Ca-2 4.2 15 8.1 

Na-Ca-3 5.6 20 8.1 

 

For FT-IR measurements, around 1 mg of sample was mixed with 100 mg of KBr 

and pressed to pellets for analysis. Hitachi S4700 Field Emission Scanning Electron 

Microscopy (SEM) was used to evaluate the structural morphology of double salt 

adsorbents before and after CO2 adsorption. 

2.3. CO2 ADSORPTION ISOTHERM MEASUREMENTS  

CO2 adsorption isotherms were collected on the 3Flex at different temperatures. For 

the isotherm measurements, the samples were first degassed at 450 °C for 2 h under 

vacuum. The isotherms were collected at 300, 350, and 375 °C. In addition, TGA (Q500, 

TA Instruments) was utilized to analyze CO2 adsorption over time and to perform cyclic 

measurements. For the TGA measurements, the temperature was first ramped from ambient 

temperature to 450 °C at the rate of 10 °C/min under N2 flow to degas the samples before 

exposure to a gas mixture containing 10% CO2 in N2 at a desired adsorption temperature. 
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3. RESULTS AND DISCUSSION 

3.1.  CHARACTERIZATION AND ADSORPTION PERFORMANCE OF 
DOUBLE SALTS  

Figure 1a-b shows the comparison of XRD spectra for three K-Ca and three Na-Ca 

double salts. It is clear from Figure 1a that the main components of K-Ca adsorbents are 

CaO, K2CO3, CaCO3, and Ca(OH)2 whereas the XRD spectra in Figure 1b indicate that the 

main components of Na-Ca adsorbents are CaO, Na2CO3, NaNO3, and Ca(OH)2. It should 

also be noted that by increasing the K/Ca molar ratio, the intensity of K2CO3 peaks 

increased while similarly, higher Na/Ca molar ratio resulted in higher intensity of NaNO3 

and Na2CO3 characteristic peaks. The components CaCO3 and NaNO3 were formed after 

the thermal treatment (calcination) of the samples at 700 °C. Also for both cases, small 

amount of Ca(OH3)2 was formed at higher K/Ca or Na/Ca molar ratio. These XRD results 

confirm the successful formation of K-Ca and Na-Ca double salts. The characteristic peaks 

of bare (unpromoted) CaO can also be observed in Figure S1 (Supporting Information).  
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Figure 1. XRD patterns of (a) K-Ca double salts and (b) Na-Ca double salts. 
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Figure 2a-b shows N2 physisorption profiles of the K-Ca and Na-Ca double salts. 

These physisorption profiles show noticeable N2 uptake at partial pressures greater than 

0.6 (P/P0 > 0.6), which indicates the presence of mesopores in the structure of the samples. 

Furthermore, the hysteresis loop confirms the presence of large void spaces between the 

crystals in double salts.   For K-Ca materials, increasing the K concentration resulted in a 

decrease in N2 uptake, whereas for Na-Ca adsorbents, the N2 uptake first exhibited a sharp 

increase followed by a drop upon increasing the concentration of Na. These N2 

physisorption isotherms obtained for K-Ca double salts are similar to the previously 

reported results for K-Mg materials which exhibited the decrease in porosity with 

increasing the K/Mg concentration ratio.38,39  
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Figure 2. N2 physisorption isotherms for (a) K-Ca and (b) Na-Ca double salts. 

 

Table 3 shows the BET surface area (m2/g), total pore volume (cm3/g) of the 

materials estimated at a partial pressure of 0.99, and pore size values obtained from N2 

physisorption isotherms. It can be noted that upon increasing the amount of K, the surface 

area and pore volume decreased from respectively, 24 m2/g and 0.04 cm3/g for K-Ca-1 to 
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3 m2/g and 0.01 cm3/g for K-Ca-3. On the contrary, upon increasing Na content, both 

surface area and pore volume increased respectively, from 12 m2/g and 0.04 cm3/g for Na-

Ca-1 to 18 m2/g and 0.05 cm3/g for Na-Ca-3. K-Ca-2 and Na-Ca-2 exhibited respectively, 

a surface area of 11 and 24 m2/g, a pore volume of 0.03 and 0.09 cm3/g, and an average 

pore size of 7 and 9 nm. Moreover, for bare CaO, a BET surface area of 312 m2/g and a 

pore volume of 0.32 cm3/g were obtained and as it is clear from the data in Table 3, upon 

CaO promotion with K and Na, both surface area and pore volume decreased drastically 

compared to unpromoted CaO. Similar behavior was reported for MgO-based double 

salts.38  

 

Table 3. N2 physisorption data for K-Ca-2 and Na-Ca-2 adsorbents. 

Adsorbent SBET 

(m2/g) 

Pore volume 

(cm3/g) 

Pore size 

(nm) 

K-Ca-1 24 0.04 5 

K-Ca-2 11 0.03 7 

K-Ca-3 3 0.01 10 

Na-Ca-1 12 0.04 8 

Na-Ca-2 24 0.09 9 

Na-Ca-3 18 0.05 7 

 

The CO2 adsorption isotherms obtained at 375 °C for three K-Ca and three Na-Ca 

double salts are presented in Figure 3a-b. In both cases, the double salt with the lowest 

amount of K or Na (K-Ca-1 and Na-CA-1) exhibited the lowest CO2 uptake. Also, it can 
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be observed that by increasing the K and Na composition, the CO2 adsorption increased 

first (for K-Ca-2 and Na-Ca-2) and then experienced a decreasing trend upon further 

increase of the K and Na contents (for K-Ca-3 and Na-Ca-3). These results are in agreement 

with Zhang et al.32 Moreover, Huang et al.35 observed the same behavior and correlated the 

strong dependence of CO2 uptake on the molar ratio of the (Li-K)2CO3/CaO salts to the 

dependency of melting points of (Li-K)2CO3 on different Li/K ratios. Similarly, we can 

argue here that for intermediate molar ratios (i.e., K-Ca-2 and Na-Ca-2), the melting point 

of K2CO3 or Na2CO3 was likely lower than that of samples with other molar ratios. 

According to Harada et al.,40 for double salt adsorbents, CO2 uptake can only be promoted 

at adsorption temperatures above the melting points of the molten salts coating the 

particles. This suggests that low and high K/Na content samples for each class (1 and 3) 

have melting points above 375 °C. It should also be mentioned here that It should be 

mentioned here that as a control experiment, we measured the CO2 uptake over bare 

(unpromoted) CaO and as Figure S2 (Supporting Information) shows, the adsorption 

capacity was very low compared with the K- and Na-promoted CaO, reaching 0.4 mmol/g, 

as also shown by other researchers.35  

Moreover, in both cases a general trend could be observed where the uptake 

increases sharply at lower pressures up to 0.02 bar followed by a gradual increase over 

higher pressures until 1 bar. For K-Ca-2, the CO2 capacity reached 3.8 mmol/g and for Na-

Ca-2, the capacity was found to be 3.2 mmol/g at 1 bar. Lee et al.33 reported a CO2 uptake 

of 3.48 mmol/g over Na-Mg double salt at the same temperature and pressure. For the rest 

of analysis, we picked K-Ca-2 and Na-Ca-2 double salts that exhibited the highest 

adsorption uptake among their adsorbent counterparts.  
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(a)       (b) 

Figure 3. CO2 adsorption isotherms for (a) K-Ca double salts and (b) Na-Ca double salts 
obtained at 375 °C. 

 

3.2. ADSORPTION PERFORMANCE OF K-CA-2 AND NA-CA-2 

The effect of adsorption temperature on CO2 uptake over K-Ca-2 and Na-Ca-2 

double salts is demonstrated in Figure 4a-b. It can be seen that as the temperature increased 

from 300 to 375 °C, the uptake increased dramatically from 0.6 to 3.8 mmol/g for K-Ca-2 

and from 1.1 to 3.2 mmol/g for Na-Ca-2 at 1 bar. The higher uptake at higher temperatures 

could be attributed to the formation of more carbonates that contribute more toward the 

adsorption of CO2 molecules. Huang et al.35 reported the same behavior for Li-K-promoted 

CaO, for which the capacity increased from 4.9 to 10.6 mmol/g upon temperature rise from 

400 to 700 °C. For Mg-based materials, although similar increasing trend has been 

reported,18 the operating window is narrower and the uptake starts to decrease at 

temperatures above 400 °C.  

Comparing the XRD patterns of the K-Ca-2 adsorbent before and after CO2 

adsorption at 375 °C in Figure 5a, it is apparent that no additional peaks were appeared 

after CO2 capture, however, as can be clearly noted, the intensity of the calcium oxide 
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(a)          (b)  
Figure 4. CO2 adsorption isotherms for (a) K-Ca double salts and (b) Na-Ca double salts 

obtained at 375 °C. 

 

 (CaO) peaks decreased because of the reaction of calcium oxide with CO2 while 

the intensity of the peaks corresponding to calcium hydroxide (Ca(OH)2) decreased. 

Further, potassium calcium carbonate (K2Ca(CO3)2) phase formed after CO2 exposure.  For 

Na-Ca-2, investigating the XRD spectra presented in Figure 5b, it was found that sodium 

calcium carbonate (Na2Ca(CO3)2) phase formed upon CO2 adsorption while like K-Ca-2, 

the remaining CaO peaks were weak. In addition, new peaks associated with CaCO3 were 

appeared confirming that the molten salts facilitate the formation of CaCO3 during CO2 

adsorption. This however was not the case for K-Ca-2 mainly because the CaCO3 phase 

was present in the fresh material. The formation of K2Ca(CO3)2 and Na2Ca(CO3)2 is 

according to the following reactions on the K-Ca-2 and Na-Ca-2 double salts, respectively, 

as suggested by Lee et al.33 for MgO- based materials: 

2 3 2 2 3 2K CO + CaO + CO  K Ca(CO )    

2 3 2 2 3 2Na CO + CaO + CO  Na Ca(CO )    
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The XRD spectra of unpromoted CaO before and after CO2 adsorption are also 

presented in Figure S1 (Supporting Information). The appearance of several peaks related 

to CaCO3 and Ca(OH)2 was noticeable after CO2 adsorption while the intensity of CaO 

characteristic peaks decreased in a similar fashion to the promoted samples.  
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(a)             (b)  

Figure 5. XRD patterns of (a) K-Ca-2 and (b) Na-Ca-2 before and after CO2 exposure at 
375 °C. 

 

To probe changes to the chemical properties of the double salts, the FT-IR spectra 

of the candidate double salts before and after CO2 adsorption were compared. As Figure 

6a-b demonstrates, both materials retained their chemical structure and displayed similar 

characteristic peaks before and after exposure to CO2. The only noticeable change is the 

intensity of the characteristic peaks which was much stronger after CO2 adsorption 

confirming the formation of more CaCO3 on K- and Na-promoted double salts. Comparing 

the peak intensities of the K-Ca and Na-Ca after CO2 adsorption, it follows that the increase 

was more pronounced for Na-Ca-2 than for K-Ca-2, despite its lower uptake capacity. This 

could be explained by the fact the fresh K-Ca-2 contains CaCO3 in its structure, as opposed 
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to Na-Ca-2 (as confirmed by XRD results), hence after CO2 adsorption, the intensity of the 

bands corresponding to the formation of carbonate is higher for Na-Ca-2. 

The FT-IR spectra of K-Ca-2 and Na-Ca-2 after CO2 capture show clear peaks 

related to CaCO3 at 713, 874, 1484, 1797, and 2518 cm-1. The presence of these CaCO3 

characteristic peaks are also noticeable in the spectrum of bare CaO after CO2 adsorption 

(Figure S3, Supporting Information). The bands at 1072 and 858 cm-1 represent symmetric 

stretching and out-of-plane bending modes of the carbonate ion, respectively,41 whereas 

the peak at 713 cm-1 represents in-plane bending mode of the carbonate ion.42 Moreover, 

the broad peak at 1484 cm-1 corresponds to stretching vibrations of C-O bonds, whereas 

the peaks at 1798 and 3641 cm-1 are assigned to C=O and O-H bonds, respectively.42  
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(a)       (b)  
Figure 6. FT-IR spectra of (a) K-Ca-2 and (b) Na-Ca-2 before and after CO2 exposure at 

375 °C. 

 

The SEM images shown in Figure 7a-d reveal the morphology of the adsorbents 

before and after CO2 exposure to CO2 at 375 °C. For fresh materials, a relatively dense 

structure with less degree of agglomeration was found for both materials. Also, the particle 
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size appeared to be uniform in both cases ranging from 100 to 200 nm. After CO2 exposure, 

the materials retained their porous structure and the particles were still well dispersed, 

although relatively large aggregates formed in the form of agglomerated clusters with small 

cracks on their external surface, as can be seen from Figures 7b and 7d.     

 

  

Figure 7. SEM images of (a-b) K-Ca-2 and (c-d) Na-Ca-2 before and after CO2 
adsorption at 375 °C. 

 

To identify the operating window for adsorption of CO2 over K-Ca and Na-Ca 

double salts, the mass degradation experiments were performed under the flow of N2 and 

10% CO2/N2 (as simulated flue gas) using TGA. Figure 8a-b shows the weight change of 

K-Ca-2 and Na-Ca-2 over the temperature range of 100 to 800 °C. Under N2 flow, a 

significant weight loss (~22.5% for K-Ca and 32% for Na-Ca) was observed at 

2 µm 2 µm 

2 µm 2 µm 

a 
b 

c d 



 

 

70

temperatures above 600 °C, whereas under 10% CO2/N2 gas flow, a CO2 adsorption region 

between 300-700 °C was observed, as characterized by the increase in the weight (~12 

wt% for K-Ca and 20 wt% for Na-Ca), suggesting the window operation for CO2 capture. 

Above 700 °C, both K-Ca and Na-Ca adsorbents started to lose their capacity as a result of 

both CO2 desorption and materials degradation. Interestingly, Na-Ca-2 retained 82% of its 

original weight above 700 °C while K-Ca-2 showed 22.5% weight loss under 10% CO2/N2 

flow, similar to its weight loss under pure N2.     
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Figure 8. K-Ca-2 weight change of (a) K-Ca-2 and (b) Na-Ca-2 with increasing 

temperature under N2 and CO2/N2 gas flow. 

 

The effect of adsorption temperature on adsorption kinetics and CO2 capacity of K-

Ca-2 and Na-Ca-2 adsorbents is illustrated in Figure 9a-b. It can be noticed that the capacity 

increased as the temperature was raised from 300 to 650 °C. However, further increase to 

700 °C resulted in dramatic capacity loss in both cases, mainly due to the decomposition 

of the materials, as discussed earlier. The maximum obtained CO2 uptakes were found to 

be 10.7 and 9.5 mmol/g for K-Ca-2 and Na-Ca-2 respectively, which were obtained at 650 
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°C after 300 min adsorption time. Notably, at higher temperatures, materials exhibited 

faster sorption kinetics by displaying a sharp increase in CO2 uptake at the beginning of 

the adsorption. For instance, at 650 °C, K-Ca-2 and Na-Ca-2 achieved ~43% of their 

equilibrium capacities in the first 10 min of adsorption. A rapid initial uptake followed by 

slow adsorption over a longer timescale was also reported previously for K-Mg double 

salts.18  
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Figure 9. CO2 uptake over (a) K-Ca-2 and (b) Na-Ca-2 double salts as a function of 

temperature. 

 

To further assess the stability of the K-Ca and Na-Ca double sites, cyclic adsorption 

measurements were performed using 10% CO2/N2 at 375 °C. Figure 10a-b shows the CO2 

capacities over 10 cycles for K-Ca-2 and Na-Ca-2 adsorbents. It is clear from these profiles 

that both adsorbents experienced a capacity loss over consecutive cycles, however, the loss 

was more pronounced for Na-Ca double salt. The K-Ca-2 double salt retained 85% of its 

initial capacity whereas, Na-Ca-2 experienced 37% capacity loss after the 10th cycle. The 

loss in CO2 capture capacity and rapid deactivation of CaO sorbents over multiple cycles 
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is well-known and has been correlated to the sintering of CaO particles under high 

regeneration temperature.43,44 For instance, Dean et al.43 reported a ~ 40% capacity loss 

after 50 CO2 capture-release cycles over Cao adsorbent.43 Our results indicated that CaO 

promotion with K and Na positively affects the stability of CaO sorbents, especially in the 

case of K-Ca. Nonetheless, a much lower drop in capacity was reported for Na-Mg by Lee 

et al.33 (only ~ 1% after 7th cycle) in comparison to Na-Ca (Figure 10b). Such higher 

capacity loss may be due to the sintering of CaO particles. Another reason could be due to 

rearrangement of the molten phase of Na2CO3 in the adsorbent structure during the first 

cycle. This however requires more investigation to fully understand the cause for 

deteriorated cyclic capacity of Na-promoted CaO adsorbents.  
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Figure 10. Normalized capacity of (a) K-Ca-2 and (b) Na-Ca-2 over 10 cycles of 
adsorption and desorption at 375 °C using 10% CO2/N2. 

 

Moreover, unlike K-Ca, a dramatic CO2 uptake reduction (~ 40%) was reported for 

K-Mg after 10 adsorption/desorption cycles and the authors attributed this drop to the 

rearrangement of the molten phase of KNO3 during the first cycle.18 
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4. CONCLUSIONS 

 

This work illustrates development and evaluation of a series of inexpensive CaO-

based adsorbents promoted by potassium and sodium carbonate salts for use in high 

temperature CO2 capture process. The physical, chemical, and morphological properties of 

the adsorbents were assessed systematically and their CO2 capture performance was 

evaluated taking into account the effects of K or Na concentration and adsorption 

temperature. It was shown that the K- and Na-prompted CaO adsorbents with optimum 

K/Ca and Na/Ca molar ratios exhibit relatively high capacity, fast kinetics, and good 

stability (in the case of K-Ca) at high temperatures. Our results highlighted the 

effectiveness of K-Ca and Na-Ca double salts in adsorption of CO2 at temperatures above 

300 °C. These materials could be used as suitable catalyst supports in development of 

hybrid adsorbent-catalyst materials for use in simultaneous capture-conversion process. In 

that regard, the future task should focus on improving their relatively low surface area, 

which could be achieved by supporting them on a high surface area support such as alumina 

or silica. 
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ABSTRACT 

The integration of CO2 capture and conversion has been recently demonstrated as 

a promising approach to address CO2 emissions while producing value-added chemicals 

and fuels. Herein, we report in-situ capture and utilization of CO2 in syngas production 

from dry reforming of ethane (DRE) over dual-function materials (DFMs) consisting of 

Ni-impregnated CaO and MgO-based double salts supported on γ-Al2O3. The N2 

physisorption, XRD, CO2-TPD, NH3-TPD, H2-TPR, and XPS analyses were performed to 

characterize the obtained DFMs. The CO2 adsorption-desorption performance of γ-Al2O3-

supported adsorbent-catalyst materials at 650 °C indicated that 100% of the adsorbed CO2 

was desorbed from the DFMs surface for subsequent reaction with C2H6. At reaction 

temperature of 650 °C and WHSV of 2250 mL/g.h, the Ni20@(K-Ca)50/(γ-Al2O3)50 and 

Ni20@(Na-Ca)50/(γ-Al2O3)50 showed the best activity with 100% C2H6 conversion and 65 

and 75% CO2 conversion, respectively. Analysis of the spent DFMs revealed low degree 

of coke formation (~9 wt%) which reduced the stability of DFMs by only 5%. The results 

reported in this investigation highlight the importance of combined capture-reaction system  
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as a cost-effective technology for utilizing the emitted CO2 as a feedstock to make valuable 

chemicals, materials and fuels. 

Keywords: CO2 capture, adsorbent-catalyst, CO2 utilization, syngas, dry ethane reforming. 

 

1. INTRODUCTION 

 

The U.S. energy-related CO2 emissions are expected to increase by 3% from 2013 

to 2040 while the U.S. energy consumption grows 0.3%/year from 2013 through 2040, thus 

finding cost-effective approaches to capture and utilize the emitted CO2 will open avenues 

to sustainable creation of energy with less environmental impacts.1–4 The hybrid capture-

utilization system that simultaneously captures and utilizes CO2 in production of fuels or 

chemicals directly from industrial flue gas offers a unique solution to emissions control 

and energy supply challenges. This integrated process that is operated in a single-unit 

system under isothermal condition can eliminate the need for adsorbent regeneration and 

also the infrastructure required for transportation and storage of captured CO2 that are 

typical energy-intensive steps in carbon capture and storage technology.  

The combined capture-utilization system is based on dual-function materials 

(DFMs) that can efficiently concentrate dilute waste gases on their surface before 

subsequent utilization in chemical reaction. This approach has been recently reported by 

several research groups for direct methanation of CO2 from flue gas in a sorptive reactor 

that is operated at 300–350 °C and low pressure (< 2.5 bar) using H2.5–9 Farrauto and co-

workers5–8 used a series of DFMs consisting of Ru and CaO, as adsorbent and catalyst 

components, respectively, supported on γ-Al2O3 for coupling CO2 capture and CO2 
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hydrogenation reaction. The authors demonstrated that the CO2 capture by CaO and 

spillover to Ru catalyst sites increases methane turnover and methanation capacity. In 

another investigation, Bobadilla et al.10 reported the use of FeCrCu/K-MgO-Al2O3 as a 

DFM for capturing and converting CO2 to syngas in a two-reactor unit at 450 °C. Their 

CO2 capture-conversion process involving capture of CO2, release of CO2, direct catalytic 

reduction of stored CO2 by hydrogen, and catalyst regeneration was operated alternately 

and isothermally. Most recently, Miguel at al.9 proposed an adsorption-reaction process 

using a sorptive reactor with different layers of adsorbent (K-HTC) and catalyst (Ni) for 

production of synthetic methane from reaction of adsorbed CO2 with H2. The authors 

reported complete conversion of the captured CO2 (0.3 mol/kg) into CH4 with a methane 

productivity of 2.36 mol/kg/h at 350 °C.  

One of the drawbacks of the current proposed DFMs investigated for in-situ 

capture-utilization processes is low CO2 uptake capacity at high temperatures which 

compromises their overall performance to effectively capture CO2 before subsequent 

conversion. To have an efficient and cost-effective integrated process, the DFMs are 

required to not only exhibit high catalytic activity and stability but also high adsorption 

capacity. In our previous investigation,11 we developed a series of high temperature CO2 

adsorbents based on potassium- and sodium-promoted CaO (K-Ca and Na-Ca) and 

reported high CO2 uptake (c.a. 10.7 and 9.5 mmol/g for K-Ca and Na-Ca, respectively) at 

650 °C and 100% CO2. On the basis of the obtained results, the double slat adsorbents 

appeared to be good candidates for high temperature CO2 adsorption. 

Synthesis gas (syngas) is an industrially important feedstock for production of 

methanol through Fisher-Tropsch process. It is produced commercially by steam methane 
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reforming (SMR) process.12 Another alternative route to produce syngas is dry methane 

reforming (DMR) by which two greenhouse gases, CH4 and CO2, are reacted.13 However, 

DMR is highly endothermic and requires high temperature (800-900 °C) to obtain 

equilibrium conversion. Moreover, the highly endothermic nature of this reaction leads to 

severe catalyst coking and fast deactivation.14 To address this issue, dry ethane reforming 

(DER) which is performed at lower temperature (i.e., 100 K below that of DMR) has been 

proposed as a better approach for producing syngas than DMR. The low reaction 

temperature makes the catalyst less susceptible to deactivation and the process less energy-

intensive. In addition, ethane is the second largest component of shale gas with a 

concentration of 10 vol%, making it a relatively abundant source for syngas production.15 

The most widely investigated catalysts for DER reaction to date include nickel, cobalt, 

iron, and platinum.16,17 Chen and co-workers13 examined the efficacy of LaFe0.9Ni0.1O3 

perovskite catalyst for DER and compared it with Ni/La2O3 and NiFe/La2O3. LaFe0.9Ni0.1O3 

perovskite catalyst. The authors reported CO2 and C2H6 conversions of 49.7% and 21.4%, 

respectively for this catalyst. In another investigation, Yan et al.17 evaluated the activity 

and stability PtNi/CeO2 bimetallic catalysts for DER reaction and showed that both activity 

and stability of the bimetallic catalysts were enhanced in comparison to their corresponding 

monometallic catalysts.  

In this investigation, we aimed at developing DFMs that could be used for 

combined CO2 capture and conversion to syngas through DER route in one reactor and 

under isothermal conditions. In particular, several double salts (i.e., K-Ca, Na-Ca, K-Mg, 

Na-Mg) were used as the adsorbent component of DFMs due to their high adsorption 

capacity at medium to high temperatures, relative stability, and rapid adsorption-desorption 
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kinetics.18–20 Nickel (Ni) was used as the catalyst component owing to its high catalytic 

activity, abundance, and low cost.21 Both components were supported on a high surface 

area γ-Al2O3. The properties of the DFMs were characterized by XRD, N2 physisorption, 

NH3-TPD, CO2-TPD, H2-TPR, XPS, and gravimetric analysis. The adsorption-desorption 

behavior of the materials was investigated followed by evaluating their catalytic 

performance using CO2 as a co-feed with C2H6.  In addition, combined capture-reaction 

was performed by first capturing CO2 then feeding C2H6 into the bed to react with desorbed 

CO2 at 650 °C. 

 

2. EXPERIMENTAL SECTION 

2.1. DUAL-FUNCTION MATERIALS PREPARATION 

γ-Al2O3 used as a support for the adsorbent and catalyst components of the DMFs 

investigated in this study was synthesized according to a sol-gel procedure reported 

elsewhere.22 Briefly, 13.75 g of pseudobomite (Catapal B, Sasol) was peptized in a mixture 

of nitric acid (1.27 g) and distilled water (200 mL). The suspension was sonicated at room 

temperature for 90 min and then stirred for 17 h at 60 °C. After cooling down to room 

temperature, the peptized alumina sol was added slowly to a stirred ethanol solution (200 

mL) of Pluronic P123 EO20-PO70-EO20 triblock copolymer (Sigma-Aldrich, 15.3 g). The 

mixture was kept under stirring for 24 h at room temperature. Then, the solvent was 

evaporated after subjected to 60 °C for 60 h in an open beaker. The remaining material was 

dried at 75 °C for 24 h and calcined in two steps: first at 150 °C for 1 h to remove the 

remaining water and ethanol with ramp 1 °C /min, and second at 700 °C for 4 h. 
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Potassium- and sodium-based CaO (K-Ca and Na-Ca), and potassium- and sodium-

based MgO (K-Mg and Na-Mg) were all synthesized following the recipes reported in our 

earlier work or from the literature.11,19,23 To synthesize DFMs, double salts were first 

incorporated into the γ-Al2O3 using a wet impregnation method. Briefly, desired amounts 

of double salts were dissolved in distilled water followed by the addition of γ-Al2O3. The 

obtained solution was stirred for 12 h under 400 rpm. In the next step, the obtained paste 

was dried in an oven at 110 °C for 4 h. Then, the material was calcined for 3 h at 700 °C 

(for K-Ca/γ-Al2O3 and Na-Ca/γ-Al2O3) and 500 °C (for K-Mg/γ-Al2O3 and Na-Mg/γ-

Al2O3). To impregnate Ni into the γ-Al2O3 – supported double salts, different amounts of 

Ni(NO3)2.6H2O (Sigma-Aldrich) were dissolved in distilled water followed by the addition 

of γ-Al2O3 – supported double salts and stirring at room temperature for 12 h. The drying 

and calcination steps were similar to those stated above. The Ni content was varied from 1 

to 5, 10, and 20 wt% for each double salt adsorbent. 

2.2. DUAL-FUNCTION MATERIALS CHARACTERIZATION 

X-ray diffraction (XRD) measurements were performed to evaluate the crystalline 

structure of the DFMs using a PANalytical X’Pert multipurpose X-ray diffractometer with 

a scan step size of 0.02 °/step at the rate of 147.4 s/step. The textural properties of the 

materials were evaluated by N2 physisorption tests using a volumetric gas analyzer (3Flex, 

Micrometric). Prior to the measurements, the samples were degassed under vacuum at 300 

°C for 6 h. The Brunauer-Emmet-Teller (BET), Horvath and Kawazoe (HK), and non-local 

density functional theory (NLDFT) methods were used to estimate the surface area, pore 

volume, and pore size distribution (PSD), respectively. To study the oxidation state of the 
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DFMs, X-ray photoelectron spectroscopy (XPS) analysis was performed by a Kratos Axis 

165 XPS. NH3-TPD and CO2-TPD measurements were performed by first degassing the 

samples under helium flow at 30 mL/min for 2 h at 500 °C with ramping of 10 °C/min. 

Then, the samples were cooled down to 80 °C followed by NH3 or CO2 adsorption for 30 

min. After that, He gas was injected for 15 min to remove any physisorbed NH3 or CO2 on 

the sample followed by ramping temperature from 80 to 800 °C at the rate of 10 °C/min. 

H2-TPR was also measured by first degassing the materials at 100 °C for 2 h under helium 

at 50 mL/min followed by injecting H2 while raising the temperature to 900 °C with the 

ramp rate of 7.5 °C/min. The amount of coke deposition on the DFMs after DER reaction 

was quantified using TGA (Q500, TA Instruments). The temperature was varied from 25 

to 800 °C at the rate of 20 °C/min. 

2.3. CO2 ADSORPTION-DESORPTION MEASUREMENTS 

TGA (Q500, TA Instruments) was used to measure CO2 adsorption-desorption 

capacities of the DFMs. The samples were first degassed under nitrogen flow at 650 °C 

to remove any pre-adsorbed moisture or other gases. The nitrogen gas was then switched 

to 10% CO2/N2 for adsorption to begin at the same temperature. After 30 min, the 

adsorption was stopped by switching gas back to nitrogen to start desorption step while 

temperature was kept constant at 650 °C. The desorption step was continued for 30 min 

and then the test was concluded. 
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2.4. CATALYTIC TESTS 

DER reaction was carried out in a stainless-steel packed-bed reactor with an inner 

diameter of 0.635 cm and height of 30 cm at 650 °C and 1 bar. The reactor was placed in 

an electric furnace with a type K thermocouple that was installed inside the reactor 

to control the bed temperature. The gas flow rates were controlled using mass flow 

controllers (MFC, Brooks Instrument). For a typical run, about 0.4 g of the material was 

outgassed under N2 for 30 min at 750 °C with flow rate of 30 mL/min followed by catalyst 

reduction under 5% H2/He for 1 h at the same temperature and flow rate. The bed was then 

cooled down to the desired temperature under N2 to remove any adsorbed H2 during 

reduction. For reaction-alone tests, gas mixtures of 10% CO2/N2 and 5% C2H6/N2 were co-

fed to the reactor with total flow rate 15 mL/min and CO2:C2H6 molar ratio of 1:1. The 

weight hourly space velocity (WHSV) was 2250 mL/g.h. For adsorption-reaction tests, a 

gas mixture consisting of 10% CO2/N2 was first introduced to the reactor until the bed was 

saturated, then switched to the co-reactant 5% C2H6/N2 to react with the adsorbed CO2. 

The reactor effluent was analyzed online using an SRI 8610C gas chromatograph (GC) 

equipped with flame ionization detector (FID), FID methanizer, and thermal conductivity 

detector (TCD). The GC data were used to calculate C2H6 and CO2 conversions and 

products yield. 
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3. RESULTS AND DISCUSSION 

3.1. CO2 ADSORPTION-DESORPTION PROFILES 

The CO2 adsorption capacity was used as a metric to optimize the composition of 

the DFMs. For each class of double salt adsorbents, the CO2 adsorption capacity of all 

DFMs 

with varied Ni was first measured and the DFM with maximum CO2 adsorption 

capacity was chosen for further analysis. The corresponding adsorption uptake curves are 

shown in Figure S1, Supporting Information. The materials selected from each group for 

further analysis included Ni10@(K-Mg)25/(γ-Al2O3)75, Ni10@(Na-Mg)50/(γ-Al2O3)50, 

Ni20@(K-Ca)50/(γ-Al2O3)50, and Ni20@(Na-Ca)50/(γ-Al2O3)50 which were denoted as DFM-

1, DFM-2, DFM-3, and DFM-4, respectively (see Table 1).  As a first step in evaluating 

the performance of selected DFMs, their CO2 adsorption-desorption profiles were 

measured, as presented in Figure 1, and their corresponding capacities were calculated 

from the profiles, as shown in Table 1. Results in Figure 1 indicated that the candidate 

materials exhibit a relatively fast CO2 uptake by reaching 90% of their saturation capacity 

within the first 2 min. Additionally, investigating the desorption profiles revealed that more 

than 95% of the adsorbed CO2 desorbed under N2 at the same adsorption temperature 

within the first 5 min of desorption step. Rapid adsorption-desorption is crucial for 

reducing the cycle time and hence maximizing the throughput of the combined capture-

reaction system. It has previously been shown that the mechanism of CO2 adsorption over 

double salt adsorbents is through production of double carbonates.11,19,23 Thus, a similar 

mechanism to the parent double salts is proposed for the corresponding DFMs. 
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For 10% CO2/N2 and at 650 °C, DFM-3 achieved a maximum CO2 adsorption 

capacity of 0.99 mmol/g compared to other DFMs, whereas DFM-4 exhibited lower uptake 

(c.a. 0.63 mmol/g). The lower adsorption capacity of Mg-based DFMs than that of their 

Ca-based analogues could be attributed to their narrower operating conditions(i.e., 300-

400 °C), as previously shown by other esearchers.24–27 
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Figure 1. Adsorption-desorption profiles for γ-Al2O3-supported DFMs at 650 °C using 
10% CO2/N2 for adsorption and N2 for desorption. 

 

Moreover, comparing these uptake capacities with those reported in our previous 

work,11 it was evident that the dilution of the double salts with γ-Al2O3 support and Ni 

impregnation both contributed to diminished CO2 capacity.  

Gruene et al.28 also reported a similar trend and showed that for CaO/Al2O3, the 

efficiency of the uptake per CaO site decreases due to decrease in surface area and pore 
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Table 1. CO2 adsorption-desorption capacities for adsorbent-catalyst materials at 650 °C. 

Material Sample code CO2 adsorption 

(mmol/g)  

CO2 desorption 

(mmol/g) 

Ni10@(K-Mg)25/(γ-

Al2O3)75 

DFM-1 0.22 0.22 

Ni10@(Na-Mg)50/(γ-

Al2O3)50 

DFM-2 0.16 0.16 

Ni20@(K-Ca)50/(γ-Al2O3)50 DFM-3 0.99                                        0.95 

Ni20@(Na-Ca)50/(γ-

Al2O3)50 

DFM-4 0.63 0.63 

 

volume, attributed to the pore clogging. Analyzing the CO2 desorption capacities in Table 

1 indicated that while 96% of adsorbed CO2 desorbed from DFM-3 during desorption step, 

the other three DFMs exhibited complete regeneration under the same conditions. 

3.2. DUAL-FUNCTION MATERIALS CHARACTERIZATION  

Figure 2 shows the XRD spectra of the DFMs. The characteristic peaks of γ-Al2O3 

appeared at angles 37, 46.5, and 66.5° confirmed the successful synthesis of γ-Al2O3.22 The 

diffraction peaks of MgO and CaO compounds were clear in the spectra of DFMs. For 

DFM-1, the intensity of the peaks related to the K-Mg were very small as a result of its low 

amount (25 wt%) in the adsorbent-catalyst material compared to the other adsorbents with 

50 wt% double salt loading. The peaks observed at 37, 43, and 63° were correlated to the 

NiO peaks which further confirmed the successful impregnation of the Ni into the γ-Al2O3 

– supported double salts. Notably, their intensity increased as the nickel content increased 

from 10 to 20 wt%. Also, it is noteworthy that in the spectra of CaO-based DFMs, the γ-
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Al2O3 peaks were less intense which could be correlated to the higher loading of the double 

salt and impregnated Ni particles.   

The N2 physisorption isotherms and the PSD profiles of the bare γ-Al2O3 and the 

corresponding γ-Al2O3-supported DFMs are illustrated in Figure 3. As evident from Figure 

3a, the DFMs exhibited type IV isotherm with a type H1 hysteresis loop, having relatively 

sharp uptakes at p/p0 = 0.8-0.9, indicating that the γ-Al2O3-supported DFMs contained  
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Figure 2. XRD spectra of bare γ-Al2O3 and γ-Al2O3-supported DFMs. 

 

uniform and well-defined large mesopores. The Mg-based materials displayed higher N2 

uptake than their Ca-based counterparts as a result of their higher porosity. Also, increasing 

the double salt:alumina weight ratio resulted in lower N2 uptake, as evident from N2 

isotherms of  DFM-1 and DFM-2, mainly because of the less porous nature of double salts 

relative to the bare alumina. In our earlier study,11 it was shown that the N2 uptake is 
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generally low over double salts as a result of their low porosity. The PSD curves in Figure 

3b confirmed the uniform pore distribution for the DFMs in the range of 5 to 15 nm. It was 

also noticed that there was a shift in the pore size of the DFMs to lower values as compared 

to that of bare alumina support. 

The corresponding textural properties listed in Table 2 highlighted the highest 

surface area and pore volume for DFM-1 among the DFMs, with values of 176 m2/g and 

0.53 cm3/g, respectively which were about 70 and 44% of those of bare γ-Al2O3. This was 
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Figure 3. (a) N2 physisorption isotherms and (b) pore size distribution of γ-Al2O3 and γ-
Al2O3-supported adsorbent-catalyst materials. 

 

expected as the γ-Al2O3 in this material with 75 wt% content was less diluted with the 

double salt. Although the surface area and pore volume decreased dramatically for both K-

Ca and Na-Ca DFMs (~74-78%), they were still sufficiently porous to be considered for 

adsorption and reaction studies. The decrease in surface area and pore volume could be 

attributed to the filling of the γ-Al2O3 mesopores by the double salts and/or Ni particles.  
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To examine the acidic sites on the DFMs surfaces, NH3-TPD measurements were 

carried out and the obtained results are shown in Figure 4a. All of the four samples 

displayed a relatively sharp peak centered at 175 °C which stemmed from the weak acidic 

sites. 

No additional peak was observed for DFM-1 and DFM-2. However, a broad peak 

was observed for DFM-3 and DFM-4 in the temperature range of 350-750 °C which was 

ascribed to either medium or strong acid sites. It is believed that higher Ni loading 

contributed to higher amount of medium/strong acid sites in these samples. It is also 

important to note that DFM-3 exhibited lower amount of weak acid sites than DFM-4.  

 

Table 2. Textural properties of the adsorbent-catalyst materials. 

Material  SBET 

[m2/g] 

Vp       

[cm3/g] 

dp 

[nm] 

Bare γ-Al2O3 250 1.21 15 

DFM-1 176 0.53 10 

DFM-2 135 0.46 12 

DFM-3 56 0.26 17 

DFM-4 66 0.29 17 

 

To gain insight into the CO2 adsorption–desorption at different adsorption sites 

(mainly basic sites) that are present in the DFMs, CO2-TPD measurements were performed 
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and the corresponding profiles are shown in Figure 4b. The CO2 desorption profiles 

exhibited a clear peak centered at 170 °C which was attributed to the desorption of CO2 

from weak basic sites.29 Notably, the density of weak basic sites was found to be higher for 

Ca-based samples than for Mg-based materials, as evident from larger area of the peaks. 

Another broad peak with smaller intensity was observed at higher temperatures for all 

materials which could be related to the desorption of CO2 adsorbed on the medium/strong 

basic sites. It was noteworthy that the temperature at which the second peak appeared was 

higher for DFM-3 and DFM-4, which displayed a high intensity peak in the temperature 

range of 450-600 °C, than for the DFM-1 and DFM-2, which displayed the peak at 350-

600 °C. This implies that the interaction of CO2 with Ca-based DFMs was stronger than 

that with Mg-based materials. This phenomenon could explain the higher adsorption 

capacity of Ca-based DFMs (see Table 1) than that of Mg-based DFMs despite their lower 

surface area (see Table 2). 
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Figure 4. (a) NH3-TPD and (b) CO2-TPD profiles of adsorbent-catalyst materials. 
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The reducibility of the DFMs was examined by H2-TPR tests. Results in Figure 5 

indicated that DFM-3 and DFM-4 samples were easily reducible as noted by the three peaks 

appeared in their H2-TPR curves. The first peak observed at 250-500 °C were attributed to 

the weak interaction of free NiO with the γ-Al2O3 support, whereas the second peak in the 

temperature range of 650-750 °C was assigned to the strong interaction of NiO with the γ-

Al2O3 support.30,31 The appearance of another peak centered at 850 °C could be related to 

the reduction of NiAl2O4.32 It was previously reported that the presence of Ca improves the 

reduction of Ni/α-Al2O3 from one peak at 620 °C to three peaks at 400, 690, and 830±20 

°C which is in agreement with our results.30 The authors concluded that the role of CaO is 

to enhance the interaction between Ni and α-Al2O3 thereby limiting Ni sintering and 

improving its stability. Moreover, the comparison of the reduction profiles of DFM-3 and 

DFM-4 revealed that the adsorbent component affects the reducibility of the DFMs through 

impacting the catalyst-support interactions by shifting the reduction temperature. As 

evident, by changing the double salt from K-Ca to Na-Ca the reduction temperature was 

shifted from 220 to 350 °C.  In the case of Mg-based materials, it was found that unlike 

Ca-based DFMs, DFM-1 was essentially irreducible when exposed to hydrogen while 

DFM-2 was partially reducible at high temperatures. It has been shown that in the absence 

of zero-valent metals on the surface, the reduction with hydrogen is partial and only occur 

at temperatures greater than 1000 °C.33 This could be the case for Mg-based samples. For 

the former sample, no peak was observed at low temperature related to the free NiO, 

suggesting the strong interaction of NiO with the support which was further verified by the 

appearance of a peak at 700-800 °C.29,32  



 

 

95

The XPS spectrum of the Ni-loaded DFMs was investigated to verify the chemical 

composition and chemical state of the elements that were present in their structures. The 

survey spectrum in Figure 6a illustrates that the DFMs were primarily composed of Ni, O, 

K, Mg, Na, Ca, Al, and C elements, and the corresponding binding energies of these surface 

elements are listed in Table 3. The appearance of C 1s photoelectron peak at binding energy 

of 284 eV was due to the carbonates (Na2CO3 and K2CO3) present in the DFM samples. 

Figure 6b depicts the high-resolution XPS spectra of Ni 2p. The peak located at 854 eV for 

all the samples was attributed to Ni 2p3/2 and accompanied by shaking satellite peak at 860 
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Figure 5. H2-TPR profiles of adsorbent-catalyst materials. 

 

eV which was related to NiAl2O4.34 Moreover, the appearance of another peak at 872 eV 

was correlated to Ni 2p1/2. It should be noted that the binding energy of bare NiO is 853.8 

eV30 which suggests that the binding energy of Ni was not affected by the impregnation 

with the other compounds.  
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On the basis of these results, it can be concluded that the binding energy of the 

elements was not affected significantly by other elements and hence, their valence state 

was maintained. In addition, the XPS analysis confirmed that the DFMs were composed of 

NiO, double salts, and γ-Al2O3. 

3.3. REACTION-ALONE RUNS 

We first evaluated the performance of the four DFMs under DER reaction-alone 

conditions upon which CO2 and C2H6 were co-fed into the reactor simultaneously at 650 

°C. The obtained CO2 and C2H6 conversions for reaction-alone tests are presented in Figure  
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Figure 6. (a) XPS survey spectrum and (b) high-resolution XPS spectra for Ni 2p. 

 

7a. The DFM-3 and DFM-4 exhibited high CO2 (75 and 65%, respectively) and C2H6 

(100% for both) conversion, whereas over DFM-1 and DFM-2, the conversions dropped to 

14 and 60% for CO2 and 16 and 47% for C2H6, respectively. The dramatic decrease in CO2 
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Table 3. Binding energy of Ni, O, K, Na, Mg, Ca, and Al elements obtained by XPS 
analysis. 

Material Ni 2p O 1s K 2p Na 1s Mg 2s Mg 2p Ca 2p Al 2p 

DFM-1 854 530 292 - - 49 - 73 

DFM-2 854 530.5 - 1071 87.5 - - 73 

DFM-3 854 530 291 - - - 345.5 72.5 

DFM-4 854 530 - 1070 - - 345.5 72.5 

 

and C2H6 conversions over Mg-based DFMs could be correlated to their lower Ni content 

which reduced the density of active sites responsible for catalyzing the DER reaction, in 

agreement with the NH3-TPD results. Interestingly, the C2H6 conversion was significantly 

affected by lowering Ni content compared to the CO2 conversion mainly because C2H6 is 

activated at Ni sites while activation of CO2 occurs at double salt adsorption sites and/or γ-

Al2O3 support sites. 

The possible reaction pathways for CO2 and C2H6 and their heat of reaction values 

are presented in Supporting Information. These reaction pathways include DER (eq. 1), 

oxidative dehydrogenation (ODH) to produce ethylene (eq. 2), non-oxidative 

dehydrogenation (eq. 3), cracking of ethane to methane (eq. 4), reverse water gas shift 

(RWGS) reaction (eq. 5), Boudouard reaction (eq. 6), ethane decomposition (eq. 7), and 

methane cracking (eq. 8). Characterizing the reaction products revealed the formation of 

methane in addition to syngas, albeit with much smaller quantity, implying that DER 

reaction (eq. 1) was accompanied by ethane cracking (eq. 4) as a side reaction. Coke 
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formation was also obtained due to the Boudouard reaction (eq. 6) and methane cracking 

(eq. 8). Zhang et al.35 carried out dry methane reforming (DMR) over 15%Ni/γ-Al2O3 

catalyst at 800 °C and reported a CH4 conversion of 97.3% with 81.5% CO2 conversion for 

this catalyst. It should also be pointed out that both ethylene and syngas were obtained over 

DFM-1 which showed the lowest activity suggesting that this catalyst favored the ODH 

pathway (eq. 2) with RWGS reaction (eq. 5). The lowest activity of DFM-1 could be related 

to its irreducible nature under H2, as shown previously. Ni0 has been known to be an active 

catalyst for DER and cracking reactions (eqs. 1 and 8), whereas NiO is an active catalyst 

for ODH (eq. 2).36,37 It has also been reported that NiO is not active for DMR which 

justifies the absence of CH4 in the product stream in the case of DFM-1.38 These results 

are in agreement with the TPR measurements reported earlier. These results demonstrate 

the effect of adsorbent type on catalytic performance of the DFMs and highlight the 

importance of identifying a right adsorbent-catalyst material that can selectively cleavage 

C-C bond to produce syngas or C-H bond to produce ethylene.39  

Figure 7b displays the H2/CO ratio for the four adsorbent-catalyst materials 

obtained at 650 °C. Typically, for the syngas to be used in major chemicals production 

processes, the stoichiometric H2/CO ratio should be in the range 1-2.40 Our catalyst results 

demonstrated that only DFM-3 and DFM-4 could produce a syngas stream that meets such 

requirement with the ratios of 1.30 and 1.04, respectively. In contrast, DFM-1 and DFM-2 

both exhibited low H2/CO ratio (c.a. 0.45 and 0.88, respectively). The higher H2/CO ratio 

for Ca-based DFMs could be attributed to the higher conversion of C2H6 over them which 

led to production of more H2 via dry reforming (eq. 1) and other side reactions such as 

ethane decomposition (eq. 7) and methane cracking (eq. 8).  
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 On the basis of catalytic test results shown above and the CO2 adsorption capacities 

(see Figure 1), the DFM-3 was selected for further analyses. Figure 8a displays the effect 

of temperature on the performance of this DFM. It is clear from this figure that increasing 

the temperature from 400 to 700 °C resulted in enhanced CO2 and C2H6 conversions over 

DFM-3 as a result of endothermic nature of the DER reaction (ΔH0
25 = 428.1 kJ/mol). In 

both cases, a sharp increase in conversion was observed by increasing the temperature to 

600 °C followed by a monotonic increase from 600 to 700 °C. These results suggest that 

for CO2-DER reaction to occur with maximum conversion for both reactants over Ni-

loaded K-Ca double salt, the reaction temperature should be maintained at 600-700 °C. 
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Figure 7. (a) C2H6 and CO2 conversion, and (b) H2/CO ratio for adsorbent-catalyst 
materials. 

 

The yield of CO, H2, and CH4 were also estimated from the GC data and the results 

are presented in Figure 8b as a function of temperature. Importantly, the yield of CH4 

experienced a 40% enhancement upon raising temperature from 400 to 600 °C, while 

beyond 600 °C, it dropped to 11.2%. This trend could be explained by the fact that DFM-
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3 favored the ethane decomposition reaction (eq. 7) at temperatures below 600 °C, while 

beyond that the conversion decreased due to the exothermic nature of this reaction (ΔH0
25 

= - 66 kJ/mol). Furthermore, the increase in CO yield from 28.6 to 32.5% upon raising 

temperature from 600 to 550 °C was due to the RWGS reaction which is typically favorable 

at 550 °C. 

To better understand the role of support on catalytic behavior of the DFMs, we 

performed the CO2-DER experiments over Ni20@γ-Al2O3, Ni20@K-Ca, and Ni20@(K-

Ca)50(γ-Al2O3)50 (DFM-3) materials at 650 °C, and the corresponding conversion rates are 
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Figure 8. Effect of temperature on (a) C2H6 and CO2 conversion and (b) CO, H2, and CH4 
yields over DFM-3. 

 

illustrated in Figure S2, Supporting Information. What was noticeable here was the 

comparable activity of the DFM-3 to that of Ni-loaded γ-Al2O3 sample indicating that the 

presence of double salt did not adversely impact the catalytic behavior of the Ni20@γ-

Al2O3. While DFM-3 exhibited conversions of 65 and 100% for CO2 and C2H6, 

respectively, the Ni20@γ-Al2O3 and Ni20@K-Ca gave rise to conversions of 68.5 and 84.3% 
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for CO2, and 99.8 and 62.6% for C2H6, respectively. The enhancement in C2H6 conversion 

over DFM-3 was originated from the cooperation of the adsorbent-support with the catalyst 

nanoparticles.  

The long-term stability of the DFM-3 was also evaluated in DER reaction at 650 

°C. Shown in Figure 9 are reactants conversion and products yield as a function of time on 

stream. The material showed a stable conversion for both CO2 and C2H6 reactants, and 

yield for H2 and CO during a 10 h durability run at 650 °C. A slight drop in CO2 conversion 

and CO yield (< 5%) was noted after 10 h. Such a stable catalytic performance could be 

attributed to the low degree of coke deposition during the reaction, as will be verified later. 
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Figure 9. Reactants conversion and products yield over DFM-3 as a function of time on 
stream obtained at 650 °C. 

3.4. COMBINED ADSORPTION-REACTION RUNS 

Before performing combined adsorption-reaction runs, the CO2 desorption in the 

presence of C2H6 from DFMs was evaluated on TGA by first exposing the material to 10% 

CO2/N2 at 650 °C for 30 min and then to 5% C2H6/N2 for another 30 min to mimic the 
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situation in the packed-bed reactor. The comparison of CO2 desorption profiles from DFM-

3 under pure N2 and C2H6 is depicted in Figure 10. The total amount of adsorbed CO2 was 

completely desorbed by C2H6 as it was the case for N2, however with a faster desorption 

rate. Notably, the additional drop in the weight below initial weight could be ascribed to 

the catalyst reduction by H2 gas which was produced from the reaction of CO2 and C2H6 

(eq. 1). Moreover, for desorption/reaction under 5% C2H6/N2 atmosphere, subsequent 

increase in the weight after complete CO2 desorption could be attributed it to the adsorption 

of C2H6 on the surface of the DFM. These results clearly demonstrate that the material is 

fully regenerable in the presence of C2H6 and that the adsorbed CO2 completely desorbs 

for subsequent reaction with C2H6 at the same temperature. It should be pointed out that a 

similar desorption trend was observed for the other three DFMs. For combined CO2 capture 

and methanation process over DFMs, Farrauto and co-workers7,8,41,42 showed that the 

desorbed CO2 from adsorption sites spills over to the catalyst sites where the reaction with 

H2 takes place. We hypothesize that for our combined CO2 capture-utilization process over 

the investigated DFMs, a similar mechanism could be considered by which the spillover of 

desorbed CO2 from adsorption sites of double salt to Ni catalyst sites occurs during DER 

reaction. Proving this hypothesis however requires a detailed molecular investigation 

which is beyond the scope of this study.   

The combined adsorption-reaction results obtained from packed-bed reactor 

experiments are presented in Figure 11 for the four DFMs. The runs consisted of two steps, 

namely adsorption and reaction. During the first step, 10% CO2/N2 was fed into the reactor 

until (or close to) the bed saturation. At the beginning of the capture step, there was no or 

little CO2 detected at the exit of the reactor. The CO2 concentration in the effluent gas 
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Figure 10. The adsorption-desorption/reaction profiles for DFM-3 under N2 and C2H6/N2 
at 650 °C using TGA. 

 

increased gradually when the bed was saturated which indicated the time for beginning of 

the second step. Investigation of the effluent gas composition during the first step showed 

that more CO2 adsorbed over DFM-3 than over other materials with a breakthrough time 

of 10 min and with a steeper front, in agreement with the TGA results, discussed previously 

(see Figure 1). 

The reaction step proceeded by switching the 10% CO2/N2 to 5% C2H6/N2 during 

which the pre-adsorbed CO2 on the surface was reacted with C2H6 to produce syngas. The 

WHSV was maintained at 2250 mL/g.h. Similar to reaction-alone tests, small amount of 

methane was also obtained in the effluent stream due to the side reactions. Although most 

of the desorbed CO2 reacted with C2H6, there was negligible amount of unreacted CO2 

detected at the reactor exit as well. For the DFMs with low Ni content (Mg-based 

materials), the side reactions related to cracking that produced CH4 were suppressed as 

compared with the high Ni-impregnated DFMs (Ca-based materials), as shown in Figure 

11a and 11b. As with DFM-1, no CH4 was detected in the product stream, however, small 
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amount of C2H4 was obtained. It is also worth mentioning here that smaller amounts of H2 

and CH4 were obtained over DFM-1 (Figure 11b). As Ni loading increased from 10 to 20 

wt%, the side reactions related to cracking were promoted. In the case of DFM-4 (Figure 

11c), the concentration of CH4 was higher than that of DFM-3, however, the situation was 

reversed for H2 concentration. In agreement with the reaction-alone results, no C2H6 was 

detected at the effluent gas during the DER reaction over DFM-3, as demonstrated in 

Figure 11d. Importantly, the H2 concentration was enhanced even after CO2 was consumed, 

suggesting that this adsorbent-catalyst also favors ethane and methane crackings (eqs. 7 

and 8). Moreover, it was found that the amount of CO produced over K-promoted DFMs 

was higher than that over Na-promoted DFMs mainly due to the increase in CO selectivity 

of Ni by K which reduces the activation energy of CO formation.43 It can be concluded that 

DFM-3 favors methane cracking more than ethane cracking, whereas, DFM-4 favors 

ethane cracking.  

The obtained results suggest that to improve the selectivity toward syngas, it is 

necessary to optimize the catalyst content in order to inhibit the cracking side reactions that 

produce methane. Moreover, comparison of the combined capture-reaction results with 

those of adsorption-, and reaction-alone steps indicated that in a combined-fashion, the 

adsorptive and catalytic performance of the DFMs are similar to those in uncombined 

system. In order to verify the low degree of coke formation during DER reaction over 

DFMs at 650 °C, the spent materials were evaluated by TGA and their weight loss in the 

temperature range of 25-800 °C was recorded, as shown in Figure 12. The maximum 

weight loss was obtained for DFM-3 with 9.0 wt% suggesting the highest degree of coke 
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deposition over this material whereas, DFM-1, DFM-2, and DFM-4 exhibited smaller 

weight losses (2, 3, and 6 wt%). The higher degree of coke formation over DFM-3 and 

DFM-4 could be attributed to the higher density of strong acid sites which favor methane 

cracking38 and result in deposition of more carbon species on the materials surface, as 

verified by NH3-TPD results.  
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Figure 11. Adsorption-reaction profiles obtained at 650 °C for (a) DFM-1, (b) DFM-2, 
(c) DFM-3, and (d) DFM-4. 
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Figure 12. TGA curves for the spent DFMs after DER reaction. 

4. CONCLUSIONS 

 

In summary, we report a combined CO2 capture-utilization process for producing 

syngas through DER reaction pathway over several Ni-impregnated double salt materials. 

The adsorption, desorption, and reaction behavior of the DFM materials at 650 °C was 

systematically investigated and it was demonstrated that Ca-based DFMs not only exhibit 

higher CO2 capacity than their Mg-based analogues but also higher catalytic activity. Our 

results indicated that the best performing DFM, DFM-3 (Ni20@(K-Ca)50/(γ-Al2O3)50), 

exhibited CO2 adsorption and desorption capacities of 0.99 and 0.95 mmol/g, respectively, 

while CO2 conversion of 65% and C2H6 conversion of 100% were achieved over this 

material. Nevertheless, its relatively high Ni content (20 wt%) led to higher coke formation 

as a result of cracking side reactions. Despite this, its long-term performance was not 

severely impacted by coke formation and it showed a relatively stable performance during 

600 min time on stream with only 5% drop in activity. Moreover, analysis of the spent 

DFMs revealed maximum 9 wt% coke deposition during DER reaction. The results 
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reported in this investigation propose a novel integrated process for capture and utilization 

of CO2 in syngas production and highlight the suitability of Ni-impregnated supported 

double salts in CO2-DER reaction. To improve their capture/reaction efficiency and to 

inhibit the side reactions, it is imperative to optimize their chemical and physical properties. 
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ABSTRACT 

Calcium oxide is an efficient adsorbent for high temperature CO2 capture process, 

however, it suffers from rapid deactivation and capacity loss after a few cycles as a result 

of particles sintering. Metal oxide doping is an effective strategy to address the durability 

issue of CaO. In this investigation, we report development of novel metal oxide-doped CaO 

adsorbents with high capture capacity, fast kinetics, and long-term stability. In particular, 

Fe and Ga with varied concentration were used as promoters to improve the adsorption 

performance of CaO adsorbent. The doped adsorbents comprising of 10% Fe@CaO and 

10% Ga@CaO exhibited the highest adsorption capacities of 13.7, and 14.2 mmol/g, 

respectively at 650 ºC which were at least two folds higher than that of the bare CaO. 

Moreover, the doped-CaO materials showed reversible performance by desorbing almost 

all of the adsorbed CO2 during desorption step at the same temperature. Through in-situ 

XRD measurements, it was shown that the carbonation under CO2 and desorption under 

N2 flow take place, resulting in efficient CO2 capture and adsorbent regeneration. The 

cyclic adsorption-desorption runs demonstrated the excellent stability of the materials by 

retaining 95% of their initial capacity after 10 cycles. Moreover, adsorption temperature 

was found to have a favorable impact on CO2 uptake over the doped adsorbents. The 
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findings of this study highlight the feasibility of metal doping approach for improving the 

adsorptive performance of CaO adsorbents that could be used for high temperature capture 

processes. 

Keywords: CO2 capture, Metal-doped CaO, Adsorbent, High temperature, In-situ XRD. 

 

1. INTRODUCTION 

 

Utilization of anthropogenic CO2 emitted from large-point sources has been 

recently demonstrated to be a sustainable approach for production of global commodity 

chemicals and fuels from waste sources, while addressing the environmental concerns 

associated with the consequences of emitted CO2.1–3 In this regard, development of 

processes that can simultaneously capture and convert CO2 into valuable chemicals appears 

to be a cost-effective approach from capital and operating costs standpoint.4–8 Successful 

implementation of this technology requires bi-functional materials that can act as an 

adsorbent for efficient capture of CO2 and as a catalyst for subsequent conversion of 

adsorbed CO2 to fuels or chemicals.9 However, development of such materials is quite 

challenging owing to the trade-offs between adsorption and reaction processes 

requirements. Since CO2 conversion reaction is typically carried out at high temperatures, 

the adsorption capacity and long-term stability of the adsorbents are compromised at 

elevated temperatures, thereby rendering such bi-functional materials inefficient for 

efficient capture and conversion of CO2 in a single unit operation.10  

Calcium oxide has been identified as a suitable adsorbent for high temperature CO2 

adsorption applications, in particular, calcium looping process, owing to its high theoretical 
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capacity, abundant naturally, and low cost.11–14 Despite these advantages, CaO suffers from 

rapid deactivation and capacity loses after multiple adsorption/desorption cycles as a result 

of particle sintering during high temperature carbonation step which is typically above 800 

ºC, and the blockage of internal pores which increases the diffusion resistance of CO2 

through the CaCO3 layer.1516 CaO reacts with CO2 through carbonation process at 

sufficiently high temperatures (~ 650 ºC) to achieve high CO2 equilibrium conversion, as 

shown in equation 1.17 However, such operating temperature is higher than the Tamman 

temperature of CaCO3 (533 ºC), which leads to rapid reduction in surface area and pore 

volume, and results in agglomeration of small particles, thereby reducing its 

effectiveness.18  

(s) 2 (g) 3(s)CaO + CO CaCO                ΔH0
25

 = -178 kJ/mol                   (1) 

The above carbonation reaction proceeds through two sequential steps, namely, 

surface reaction that produces a layer of CaCO3, and CO2 diffusion through the CaCO3 

layer. While the former step is typically fast, the overall rate of CaO carbonation is 

controlled by the later step which is a slow process.19 To continue using CaO adsorbent at 

high temperatures, it is imperative to address its long-term stability and effectiveness 

issues. The current body of research has focused primarily on enhancing the efficiency of 

CaO through various approaches including CaO hydration with ethanol-water solutions, 

modification with acids, and incorporation of inert supports to overcome the particle 

aggregation issues.11,20 

In a study by Hu et al.,11 various inert refractories such as Al-, Ti-, Mn-, Mg-, Y-, 

Si-, La, Zr, Ce-, Nd-, Pr- and Yb-based materials were incorporated into CaO as a support 

aiming at suppressing the particle sintering and it was shown that Al- and Y-based supports 
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exhibit excellent adsorption/desorption stability than the other materials. On the basis of 

their obtained results, the authors identified melting point of the support and the surface 

area of the adsorbent as the two key factors affecting the adsorption performance. In 

another investigation by Antzara et al.,17 it was found that the addition of Al2O3 and ZrO2 

as promoters enhances the resistivity of CaO toward sintering and results in a stable 

performance. The authors attributed their improved behavior to the formation of the mixed 

phases of Ca3Al2O6 and CaZrO3. On the contrary, Mg- and La-promoted CaO were found 

to have lower adsorption capacity and less stability than the parent CaO. Most recently, 

Guo et al.21 developed a series of Ce-Mn doped CaO-based adsorbents and examined the 

synergistic interactions between the doped metals in CO2 capture at 600 ºC. The authors 

reported the enhancement in oxygen vacancy generation due to the electrons transfer 

between Ce and Mn which in turn improved the mobility and diffusion of O2-, thereby 

increasing the adsorption capacity of the doped adsorbents relative to the bare CaO. It was 

also shown that the doped metal precluded the particle sintering and hence resulted in stable 

cyclic performance after 40 cycles of adsorption-desorption. Double salts based on MgO 

and CaO are another class of adsorbents with potential for high temperature CO2 

capture.12,22–24 Despite high capacity, their unstable adsorption behavior over multiple 

cycles compromises their performance and makes them less attractive for this application. 

In our previous investigation,12 we developed K2CO3 and Na2CO3 doped CaO materials 

and investigated their adsorption behavior. Our K-Ca and Na-Ca adsorbents exhibited 

relatively high capacity (10.7 and 9.5 mmol/g, respectively) at 650 °C, however, they 

experienced some degree of capacity loss after 10 cycles of adsorption-desorption. Other 

non-CaO-based adsorbents have also been developed and investigated for high temperature 
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CO2 capture processes.22,24–27 For example, hydrotalcite adsorbents are commonly used for 

this process owing to their stable adsorption properties at high temperatures, however, their 

low capture capacity renders them inefficient for such applications.28,29 

 As discussed above, the incorporation of metals into CaO adsorbent improves its 

equilibrium capacity and long-term stability. In addition, to impart catalytic functionality 

to CaO for potential use as an adsorbent-catalyst material with multifunctional properties 

in combined capture-utilization processes, metal doping appears to be a viable approach. 

However, the doped metals investigated so far have not resulted in substantial enhancement 

in both capture capacity and long-term stability of the CaO. Aiming at further enhancing 

adsorption capacity and kinetics, and stability of CaO adsorbent for CO2 capture, we 

selected Fe and Ga to dope CaO and investigated their effects on adsorption behavior of 

the bare CaO. These metals have previously been shown to be promising candidates for 

catalytic utilization of CO2 to chemicals.30–34 To the best of our knowledge, this is the first 

investigation of the effect of these metals on adsorptive performance of CaO. More 

importantly, we aimed at performing both adsorption and desorption steps at the same 

temperature (650 ºC) as opposed to normal carbonation/calcination process which typically 

occurs in the temperature range of 700-900 ºC. This was mainly because in practice, the 

combined capture-utilization process should be performed isothermally to be cost-

effective.4,35–38 Herein, metal-doped CaO adsorbents with varied metal content were 

prepared and the best performing material in each class was selected for further analysis. 

The CO2 adsorption performance of the materials was evaluated through in-situ XRD and 

cyclic adsorption-desorption experiments. The effect of adsorption temperature on 

adsorption capacity of the materials was also investigated. 
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2. MATERIALS AND METHODS 

2.1. MATERIALS DEVELOPMENT 

The CaO used in this investigation was purchased from fisher scientific, whereas 

iron(III) nitrate nonahydrate and gallium(III) nitrate hydrate were both purchased from 

Sigma-Aldrich. Ultrahigh purity gases including N2 and CO2/N2 (10:90 by volume) were 

purchased from Air gas. To synthesize the materials, the commercial CaO was first 

calcined at 700 ºC for 5 h and then used in a wet impregnation synthesis by which metal-

doped adsorbents were prepared. Briefly, various amounts of metal nitrates stated above 

(1, 5, 10, and 15 wt%) were dissolved in 5 mL distilled water first and the solution was 

then vigorously stirred using a magnetic stirrer with 400 rpm at room temperature for 12 

h. Finally, the obtained materials were dried at 120 ºC for 5 h followed by calcination at 

700 ºC for 3 h. The designated samples name was Mx@CaO where M =  Fe, Ga, and x = 

1, 5, 10, 15. 

2.2. MATERIALS CHARACTERIZATION 

Metal-doped CaO adsorbents were characterized by powder X-ray diffraction 

(PXRD) to assess their crystalline structure using a PANalytical X’ pert multipurpose X-

ray diffractometer with scan size of 0.02 o/step at the rate of 147.4 s/step. X-ray 

photoelectron spectroscopy (XPS) analysis was performed to determine the chemical 

composition of the metal-doped materials using Kratos Axis 165 XPS. Surface area and 

pore volume/size were estimated from nitrogen physisorption isotherms collected at 77 K 

using a Micromeritics 3Flex instrument. The samples were degassed at 350 ºC under 
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vacuum for 6 h prior to measurements to remove any preadsorbed gases. The methods used 

to evaluate specific surface area and pore size distribution were Brunauer−Emmet-Teller 

(BET) and nonlocal density functional theory (NLDFT) methods, respectively. Field-

emission scanning electron microscopy (SEM) (Hitachi, Model S4700) was employed to 

assess the surface morphology of the obtained powders. The Hitachi model S4700 FE-

SEM was also used in combination with Genesis software to collect energy dispersive X-

ray spectroscopy (EDS) measurements across the metal-doped adsorbents. 

2.3. CO2 ADSORPTION-DESORPTION MEASUREMENTS 

Thermal gravimetric analysis TGA (Q500, TA Instrument) was used to determine 

the CO2 adsorption-desorption capacities. Each experiment was preceded by in-situ 

regeneration under N2 at 650 ºC for 30 min. The gas was then switched to 10% CO2/N2 

while keeping the temperature constant to start adsorption measurements for 1 h. 

Subsequent desorption was carried out at the same temperature under N2 for 30 min. To 

evaluate the stability of the adsorbents, 10 cycles of adsorption-desorption runs were 

carried out by switching the inlet feed from 10% CO2/N2 during adsorption to N2 during 

desorption while keeping the temperature constant at 650 ºC. For these cyclic runs, the 

adsorption and desorption durations were 1 h and 30 min, respectively. 

2.4. IN-SITU XRD MEASUREMENTS 

To better investigate the change in the chemical structure of the materials upon CO2 

adsorption and desorption at high temperature, in-situ X-ray diffraction (XRD) was 

performed using PANalytical X’ pert multipurpose X-ray diffractometer in a similar way 
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as TGA experiments. The sample degassing was performed at 650 ºC for 30 min before 

exposing the materials to 10% CO2/N2. It should be pointed out here that for these 

measurements, the gas flow rate of N2 or CO2/N2 was much lower than that for TGA runs 

(i.e., 10 mL/min versus 60 mL/min) due to limitation of XRD instrument. Following CO2 

adsorption, the desorption runs were carried out under N2 at the same temperature while 

recording the XRD data every 5 min. 

 

3. RESULTS AND DISCUSSION 

3.1. EFFECT OF METAL CONTENT ON CO2 ADSORPTION-DESORPTION 
CAPACITIES 

Two sets of metal-doped CaO adsorbents containing various compositions of 

metals were evaluated in CO2 adsorption-desorption process at 650 ºC to determine the 

optimum composition that yields the highest capacity with the best adsorption-desorption 

kinetics. As shown in Figure 1, the incorporation of Fe resulted in enhanced CO2 uptake 

capacity of the bare CaO at all Fe compositions. Whereas the bare CaO exhibited an 

adsorption capacity of 6.9 mmol/g when exposed to 10%CO2/N2, Fe10@CaO achieved the 

highest CO2 capacity (13.7 mmol/g) among Fe1@CaO, Fe5@CaO, and Fe15@CaO under 

the same conditions. The promotion of CO2 uptake by Fe incorporation could be attributed 

to the role of oxygen ion O-2 in enhancing the carbonate formation during the surface 

reaction step, which promotes the CO2 capture capacity. Lu et al.39 investigated the effect 

of Mn, Ce, Cr, Co, and Cu based CaO adsorbents and found that CO2 uptake depends 

significantly upon the onset point (i.e., the transition point from the surface reaction-

controlled region to the diffusion-controlled region). Interestingly, the onset point of the 
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bare CaO was around 4 mmol/g which was much lower than that of the doped ones, 

especially the Fe10@CaO with the onset point of around 11 mmol/g, which was in 

agreement with the previous study.39 The transition from reaction-control to diffusion-

control regime usually starts when the thickness of growing carbonate product layer 

reaches 22 nm.39 Moreover, the investigation of desorption profiles indicated that the CO2 

adsorption over these materials is reversible and the adsorbed CO2 completely desorbed 

from the material under N2 flow at the same temperature.  
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Figure 1. CO2 adsorption-desorption profiles of Fe-doped CaO adsorbents with different 
Fe loadings using 10% CO2/N2 at 650 ºC. 

 

The corresponding capacities and times to achieve 90% of the capacity are 

presented in Table 1. Remarkably, the Fe10@CaO not only showed higher adsorption 

capacity, but also better adsorption-desorption rates relative to the bare CaO, by attaining 

90% of its adsorption capacity after 22 min (tads,90%) in comparison to 34 min for CaO, as 
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evident from the data in Table 1. Similarly, it took 19 min for this adsorbent to desorb 90% 

of the adsorbed CO2 (tdes,90%) which was 14 min faster than for the bare material. 

 

Table 1. CO2 adsorption-desorption capacities of Fe-based CaO adsorbents. 

Adsorbent CO2 adsorption 

capacity (mmol/g) 

CO2 desorption 

capacity (mmol/g) 

tads,90%  

(min) 

tdes,90%  

(min) 

Bare CaO 6.9 6.9 34 33 

Fe1@CaO 13.0 13.0 24 35 

Fe5@CaO 12.8 12.8 25 26 

Fe10@CaO 13.7 13.7 22 19 

Fe15@CaO 12.2 12.2 30 29 

 

The CO2 uptake curves in Figure 2 reveal a similar trend for Ga-based adsorbents 

to their Fe-based materials with Ga10@CaO exhibiting the maximum uptake capacity than 

Ga1@CaO, Ga5@CaO and Ga15@CaO, and with the sharpest adsorption and desorption 

profiles. We propose that increasing the metal content (Fe, Ga) from 1 to 10 wt% leads to 

enhancement of the role of O-2 and hence formation of more carbonate which will in turn 

enhance CO2 uptake, whereas metal contents larger than 10 wt% would result in blockage 

of active sites on the surface of CaO and hence reduction in CO2 uptake. Wang et al. 40 

reported that as the Ce/Ca ratio increases above 15%, CO2 capacity drops due to the 

blockage of CaO with CeO2. For Ga10@CaO, an adsorption capacity of 14.2 mmol/g was 

achieved and as was the case for the other two sets, Ga-based materials were able to fully 

regenerate upon N2 flow. However, as the adsorption-desorption times in Table 2 indicate, 
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Ga10@CaO showed much faster CO2 uptake and release than the best performing material 

in Fex@CaO class (Fe10@CaO) with t90% of 10 and 17 min for adsorption and desorption 

of CO2, respectively. This could be attributed to the higher surface area and pore volume 

of Ga10@CaO than Fe10@CaO, as will be discussed later and as demonstrated previously 

in the literature.39  
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Figure 2. CO2 adsorption-desorption profiles of Ga-doped CaO adsorbents with different 
Ga loadings using 10% CO2/N2 at 650 ºC. 

 

The enhancement in CO2 adsorption capacity of metal-doped adsorbents relative to 

the bare CaO can be attributed to the promoted oxygen mobility and vacancy generation 

after Fe and Ga incorporation.21 For example, Gue et al.21 reported that mobility of O2- is a 

key to the capture of CO2 for CaO-based adsorbents and showed that the presence of metals 

facilitates diffusion and mobility of O2-, thereby enhancing the interaction of oxygen 

surface atoms with CO2 molecules and subsequent carbonate (CO3
2-) formation. Moreover, 
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the well-dispersed metal particles on the CaO surface could also be responsible for 

improved adsorptive properties, mainly because the CaO crystallite growth and 

agglomeration could be impeded.16 Given that Fe and Ga have different oxidation states, it 

may explain their varied ability in promoting the CO2 capture behavior of the CaO. Another 

striking feature of these screening results is that as CO2 adsorption/desorption capacity 

increased, the kinetics improved as well, for instance, Ga10@CaO with the highest capacity, 

exhibited the shortest tads,90% and tdes,90%. Wang et al.40 noted a similar effect for CeO2-

doped CaO and reported the fastest carbonation rate for the material with the highest 

capacity. Similarly, Hu et al.39 demonstrated that the lower pore volume gives rise to slower 

kinetic and easier pore blockage than the higher pore volume due to the larger molar 

volume of CaCO3 (37 cm3/mol) than that of CaO (17 cm3/mol). The Fe and Ga metals act 

as a promoter in preventing the agglomeration of CaO particles while providing oxygen 

ions for subsequent CO2 capture. Also, the slightly higher surface area and pore volume of 

the metal-promoted CaO than those of bare CaO (Table 3) could also have effect in 

enhancing the adsorbent kinetic as reported previously.39 The crystallite size of the bare 

and promoted CaO adsorbents was also estimated using Scherrer equation (S-1) as 

displayed in the Supporting Information. It was found that the crystallite size of the 

promoted CaO (31 and 25 nm for Fe10@CaO and Ga10@CaO, respectively) was smaller 

than that of bare CaO (39 nm). A similar finding was reported by Wang et al.40 where 

doping CaO with Ce gave rise to smaller crystallite size. While the doped metal plays a 

significant role in preventing CaO agglomeration, the smaller crystallite size results in the 

exposure of more CO2 molecules to the sorbent active sites.  
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Table 2. CO2 adsorption-desorption capacities of Ga-based CaO adsorbents. 

Adsorbent CO2 adsorption 

capacity (mmol/g) 

CO2 desorption 

capacity (mmol/g) 

tads,90% 

(min) 

tdes,90% 

(min) 

Bare CaO 6.9 6.9 34 33 

Ga1@CaO 13.0 13.0 21 28 

Ga5@CaO 13.0 13.0 25 24 

Ga10@CaO 14.2 14.2 10 17 

Ga15@CaO 11.1 11.1 34 26 

 

On the basis of the screening results presented above, Fe10@CaO and Ge10@CaO 

were selected for further analysis, as presented below. It should be pointed out here that 

the reported capacities for our metal-doped adsorbents are among the highest capacities 

reported for CaO-based adsorbents so far. Antzara et al.17 reported sorption capacities 

higher than 9 mmol/g for Al- and Zr-promoted CaO at 650 °C. Additionally, a capacity of 

13.9 mmol/g was reported for (Ce-Mn)-doped CaO adsorbents at 600 °C.21 

3.2. PHYSICAL AND CHEMICAL CHARACTERISTICS OF SELECTED 
ADSORBENTS 

Characterization of the textural properties of candidate adsorbents by N2 

physisorption at 77 K was carried out to determine their BET surface area and pore volume. 

As Figure 3a illustrates, typical type IV isotherms with narrow hysteresis loops were 

obtained for Fe10@CaO and Ga10@CaO, similar to their parent CaO. Interestingly, the N2 

uptake was found to be slightly higher over the metal-doped materials than over bare CaO. 
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The PSD profiles (Figure 3b) revealed relatively uniform mesopores with a diameter 

centered at approximately 4.0 nm for the three materials. 
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Figure 3. (a) N2 physisorption isotherms and (b) pore size distribution profile of bare CaO 
and metal-doped CaO adsorbents. 

 

From the corresponding data presented in Table 3, Fe10@CaO and Ga10@CaO 

exhibited BET surface areas of 49 and 53 m2/g, respectively which were slightly higher 

than that of the bare CaO with 47 m2/g. Pore volume of the adsorbents were also improved, 

albeit marginally, from 0.11 cm3/g for the bare CaO to 0.15 and 0.16 cm3/g for Fe10@CaO 

and Ga10@CaO. The slightly higher surface area and porosity of the metal-doped 

adsorbents could be attributed to the porous nature of metal oxides added to the bare CaO. 

Similar trends were reported by Guo et al.21 for Ce-doped CaO materials. To determine the 

oxidation states and binding energy of the metal oxides, XPS analysis was performed and 

the binding energy curves for Ca2p, O1s, Fe2p, and Ga2p are depicted in Figure 4. As 

Figure 4a reveals, the doublet peaks of Ca2p1/2 and Ca2p3/2 with a separation of ~3.5 eV 

were observed, which are representative of Ca2+.   
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Table 3. Textural properties of CaO and metal-based CaO adsorbents. 

Adsorbents 

 

BET surface area 

(m2/g) 

Pore volume 

(cm3/g) 

Pore width 

(nm) 

Bare CaO 47 0.11 3.7 

Fe10@CaO 49 0.15 4.6 

Ga10@CaO 53 0.16 3.7 

 

Compared to the bare CaO, a clear shift in the position of these peaks to the higher 

binding energies was observed for the metal-doped materials, indicating the improvement 

in electron transfer ability of Ca to the surface oxygen atoms that transfer oxygen to CO2 

during adsorption process.21 Considering the O1s spectrum shown in Figure 4b, the peak 

at 530 eV is assigned to the oxygen in CaO and doped metal oxide. It was observed that 

the peak location was shifted to the higher binding energies for the metal-doped adsorbents, 

implying the enhancement in oxygen mobility of these materials. It was also noted that the 

intensity of the O1s peak was reduced indicating the relative content of oxygen species on 

the adsorbents was reduced due to the oxygen vacancy generation after incorporation of 

the metals. As evident from Figure 4c, the presence of Fe was confirmed by Fe2p peak 

appearing at 711 eV and a satellite peak at 724 eV which are related to Fe2O3.414243 

Similarly, as depicted in Figure 4d, Ga2p peak appeared at 1119 along with a satellite peak 

1143 eV which are assigned to Ga2O3.44  

To determine the composition of the metal-doped adsorbents, elemental mapping 

was performed on the SEM images taken from the selected samples. The EDS spectra 

shown in Figure 5, confirm the presence of elements used for doping. In addition to the 
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Figure 4. High resolution XPS spectra of (a) Ca2p, (b) O1s, (c) Fe2p, and (d) Ga2p for 
CaO and metal-doped CaO adsorbents. 

 

doped metals, other elements such as Ca, O, and C were also detected with Ca and O being 

the most predominant elements, as expected. It should be noted here that the presence of C 

stems partly from the CaCO3 compound that is present in the fresh CaO, as also shown by 

other researchers 45 and partly from carbon tape used for sample coating. Moreover, the 

SEM images show different surface morphology for two types of adsorbents investigated 

here. The elemental mapping of the promoted CaO was also obtained from EDS analysis 
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for Fe and Ga. It is evident that the metals dispersed uniformly within the adsorbent which 

further confirmed the successful impregnation of the metals in the CaO.  

 

 

 

Figure 5. SEM images, elemental mapping and EDS measurements of (a-c) Fe10@CaO 
and (d-f) Ga10@CaO adsorbents. 

 

3.3. CO2 ADSORPTIVE BEHAVIOR OF SELECTED ADSORBENTS 

The in-situ XRD experiments were conducted to better investigate the variation in 

the crystalline structure of the selected adsorbents during CO2 adsorption-desorption.  The 

analysis of XRD patterns of Fe10@CaO in Figure 6 revealed that the characteristics peaks 

of the material were retained during both adsorption and desorption steps, however, the 

intensity of CaO and CaCO3 peaks changed under CO2 and N2 flows. As clear from Figure 

6a, the CaO peaks at 32º, 37º, and 54º decreased in intensity upon CO2 adsorption, whereas 

the intensity of CaCO3 peaks at 29º, 36º, 43º, 47º, and 48º increased after 25 min of 
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adsorption. On the other hand, we observed an opposite trend upon CO2 desorption under 

N2, as shown in Figure 6b wherein the CaO peaks became stronger while the CaCO3 

experienced reduction in intensity. Nevertheless, the original positions of the peaks 

remained unchanged. Notably, the crystalline structure of the Fe10@CaO after complete 

desorption (at t = 25 min) was found to be almost identical to that of fresh sample, 

indicating a stable crystalline structure.   
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Figure 6. In-situ XRD spectra of Fe10@CaO under (a) CO2 and (b) N2 at 650 ºC. 

 

Similar in-situ XRD adsorption-desorption experiments were carried out over 

Ga10@CaO. The in-situ XRD patterns of Ga10@CaO during adsorption under CO2 and 

desorption under N2 are illustrated in Figure 7. The reversible formation of CaCO3 upon 

CO2 capture and release was confirmed by the change in the intensity of XRD peaks 

associated with CaO and CaCO3 during adsorption and desorption. As it was the case for 

Fe10@CaO, the intensity of the prominent peaks associated with CaO (32º, 37º, 54º) was 

reduced as a result of reaction with CO2 and subsequent conversion to CaCO3, evident from 

increased intensity of the CaCO3 peaks (in particular, 29º, 36º, 43º) as the adsorption 
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progressed over time (Figure 7a). Similarly, the structural changes of the material during 

regeneration under N2 flow (Figure 7b) were exactly the opposite of those during 

adsorption. 
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Figure 7. In-situ XRD spectrum of Ga10@CaO under (a) CO2 and (b) N2 at 650 ºC. 

 

The mechanism of CO2 adsorption on the surface of CaO (equation 1) could be 

realized from the pathways steps shown in equations 2-4. First, gaseous CO2 molecule 

adsorb on the adsorbent surface (equation 2), then the CO2 combines with surface oxygen 

ion (O2-) to form CO3
2- (equation 3). Finally, CO3

2- ion combines with CaO to produce 

CaCO3 (equation 4). 

2(g) 2(ads)CO CO                                            (2) 

2- 2-
2 (ads) 3CO + O CO                                (3) 

2- 2-
3 (s) 3(s)CO + CaO CaCO + O                                        (4) 

The diffusion of CO2 through the carbonate layer (CaCO3) and the mobility of O2- 

are the key factors for enhancing CO2 capture capacity and rate in the beginning of the 
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diffusion-controlled reaction.2116 The role of the doped metals is in promoting the rate of 

carbonate ion production (equation 3) through providing more oxygen ions, as discussed 

before, which in turn translates into the formation of more calcium carbonate. On the basis 

of these results, it appears that the CO2 capture on the metal-doped CaO adsorbents 

followed the standard carbonation (during adsorption) and calcination (during desorption) 

reactions, shown in equation 1,17 with the distinct difference that unlike conventional 

calcination step, the temperature remains the same as the carbonation step. It should be 

pointed out here that no diffraction peaks related to the metal oxides were detected by XRD 

which could be attributed to their amorphous nature in the doped samples. 

To study the kinetics of CO2 capture on the bare and promoted CaO adsorbent the 

double exponential model (equation 5) was used to fit the experimental uptake profiles.  

y = Ae k1t + Be k2t +C                                                           (5) 

In this equation, y represents CO2 adsorption capacity, t is the adsorption time, k1 and k2 

are the exponential rate constants for CO2 capture when the kinetic reactions are controlled 

by the surface reaction and diffusion processes, respectively, A and B are corresponding 

constants for each process that controls the whole CO2 capture process, and C is the y value 

when time approaches infinity (i.e., the maximum CO2 capture capacity). The experimental 

and predicted CO2 capture profiles for bare CaO, Fe10@CaO and Ga10@CaO are illustrated 

in Figure 8 and the corresponding fitted kinetic parameters are listed in Table 4. It is evident 

that for all three materials, the model was fitted the experimental trends with the R2 values 

ranging between 0.980-0.996. From Table 4, the value of k1 for the bare CaO was estimated 

to be ~16 times greater than k2 implying that the CO2 capture process was controlled mainly 

by the CO2 diffusion through the CaCO3 layer.  



 

 

132

Table 4. The double exponential model parameters for bare CaO and metals-promoted 
CaO. 

Adsorbents 

 

k1 (min-1) k2 (min-1) A B C R2 

Bare CaO 0.279 0.017 -5.606 -3.821 8.293 0.996 

Fe10@CaO 0.019 0.334 -4.245 -13.227 15.151 0.996 

Ga10@CaO 0.006 0.313 -3.54 -16.219 16.7 0.980 
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Figure 8. Experimental and model-predicted CO2 adsorption profiles for bare CaO, 
Fe10@CaO and Ga10@CaO adsorbents at 650 ºC. 

 

On the contrary, for Fe10@CaO and Ga10@CaO samples, k2 was 52 and 18 times 

greater than k1 for Ga10@CaO and Fe10@CaO, respectively, indicating that the surface 

reaction controls the reaction rate. On the basis of these results, it can be concluded that 

the oxygen ion transfer in the metal-promoted CaO not only enhances the CO2 capture 
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capacity but also improves the CO2 capture kinetics. The effect of temperature on 

adsorptive performance of selected adsorbents was evaluated by conducting CO2 uptake 

measurements at three different temperatures (450, 550, and 650 ºC) while keeping other 

parameters constant. As evident from Figure 9, for both adsorbents, decreasing the 

temperature from 650 to 550 and 450 ºC resulted in lower CO2 uptake capacity. However, 

the effect of temperature was noticeable for Fe10@CaO and Ga10@CaO with 69.6 and 

60.5% drop in capacity from 650 to 450 ºC, respectively. Despite reduced uptake, the 

obtained capacities are still high, implying the efficacy of the materials for CO2 adsorption 

in the temperature range of 450-650 ºC. Furthermore, it could be noticed that while the 

adsorption uptake curve became sharper at lower temperatures during the first few minutes 

of exposure, the overall time to reach 90% of the adsorption capacity decreased with 

temperature, suggesting the positive effect of temperature on adsorption kinetics. We 

suggest that the enhanced CO2 adsorption capacity and kinetics exhibited by metal-doped 

CaO adsorbents with temperature can be considered as a result of improved Knudsen 

diffusion through CaCO3 layer which relates to the square root of temperature.46 

In the next step, we evaluated the cyclic performance of the candidate adsorbents 

through 10 consecutive adsorption-desorption runs at 650 ºC. The corresponding cyclic 

results are presented in Figure 10. It is evident that overall, the metal-doped CaO 

adsorbents retained most of their capacity. More specifically, the adsorption capacity of 

Fe10@CaO and Ga10@CaO experienced 10 and 14% drop in their initial capacity, 

respectively after 10 cycles of adsorption-desorption, as shown in Figure 10a and 10b. The 

capacity loss for these samples was much smaller than that of bare CaO under the same 
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testing conditions. These results demonstrate the role of doped metals in precluding the 

particle sintering effects and promoting the durability of CaO-based adsorbents. 
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Figure 9. CO2 adsorption capacity for (a) Fe10@CaO and (b) Ga10@CaO at 450, 550, and 
650 ºC. 
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4. CONCLUSIONS 

 

In this study, the high temperature CO2 capture over Fe- and Ga-doped CaO 

adsorbents has been investigated in detail. We found that in both cases, the incorporation 

of metal oxide promotes capture capacity of the bare CaO. However, the extent of 

improvement varied significantly with the type of metal and also its content. Among the 

materials investigated herein, Ga10@CaO exhibited the highest adsorption capacity of 14.2 

mmol/g at 650 ºC with fastest adsorption rate. Moreover, the regeneration of the materials 

under N2 flow at the same temperature revealed the reversible nature of CO2 interactions 

with the doped materials. The in-situ XRD analysis further confirmed the excellent 

regenerability of the adsorbents and determined the mechanism of CO2 capture over these 

adsorbents. The stability measurement results revealed that the degree of CaO capacity loss 

due to particles sintering could be lowered in the presence of doped metals. This 

investigation demonstrates the efficacy of metal oxide doping in addressing the stability 

issue of CaO-based adsorbents and highlights the suitability of Fe@CaO and Ga@CaO 

materials for efficient capture of CO2 at high temperatures. 
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ABSTRACT 

Finding cost-effective approaches to capture and utilize the emitted CO2 could open 

new avenues to the sustainable creation of energy with less environmental footprint. 

Combined capture-utilization approach offers a promising route to use waste CO2 as a 

feedstock for producing valuable commodity chemicals and fuels. In this investigation, we 

report in-situ capture and utilization of CO2 in ethylene production through oxidative 

dehydrogenation of ethane over adsorbent-catalyst materials consisting of CaO, double 

salts K-Ca and Na-Ca as adsorbents, Cr nanoparticles as catalyst, and H-ZSM-5 as a 

catalyst support. The structural and physiochemical characteristics of the materials were 

assessed by N2 physisorption, XRD, XPS, SEM, NH3-TPD, and H2-TPR. The adsorption 

step was conducted at 600 ºC using a feed gas mixture of 10%CO2/Ar followed by the 

reaction step at 700 ºC using C2H6/Ar. The K-Ca double salt exhibited a higher CO2 

capacity (5.2 mmol/g), thus was chosen for the capture-conversion tests. The effects of Cr 

content, CO2/C2H6 mole ratio, and weight hourly space velocity (WHSV) were investigated 

to determine the optimum process conditions for this combined process. The (K-

Ca)50/(Cr10@HZSM-5)50 material was found to exhibit the highest ethane conversion 

(25%) with ethylene selectivity of 88% at 5000 mL/g.hr and 0.4 CO2/C2H6 mole ratio. 
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Overall, this study demonstrates a proof-of-concept for novel hybrid materials which are 

capable of combined capture and utilization of CO2 in ethylene production. Through proper 

optimization, we anticipate that the materials reported herein could be used to mitigate CO2 

emissions and produce valuable chemical commodities. 

Keywords: CO2 capture, Oxidative dehydrogenation, Adsorbent-catalyst, Ethylene  

 

1. INTRODUCTION 

 

In the petrochemical industry, ethylene has been considered as one of the most 

important building blocks in chemical industry for production of a wide variety of 

chemicals such as polyethylene, ethylene oxide, ethylbenzene, etc.[1][2] This important 

chemical feedstock is industrially produced through steam cracking of natural gas or heavy 

naphtha which is extremely energy intensive[3]. Oxidative dehydrogenation of ethane 

(ODHE) with a mild oxidant (e.g., CO2) has been suggested as a promising route to produce 

ethylene as it provides an opportunity to use underutilized ethane from shale gas (with a 

volume fraction of ~16%). Moreover, as the ODHE occurs at lower temperatures than the 

steam cracking reaction, the heat and energy required would be lower. Most importantly, 

utilization of waste CO2 from process streams in light olefins production offers an efficient 

means to alleviate excessive CO2 emissions to the atmosphere, while producing value-

added chemicals from a renewable feedstock. According to International Energy Agency 

(IEA), carbon capture, utilization, and sequestration accounts for 7% of the cumulative 

emissions reductions needed globally by 2040 to keep the average temperature rise below 

2 ºC [4].  
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Recently, combined CO2 capture and utilization processes by which CO2 is first 

captured and then converted to a chemical commodity or fuel have attracted a great deal of 

interest among researchers. Such integrated systems could provide a solution to both 

energy and environmental problems currently encountered worldwide. From economic 

point of view, such hybrid systems would be better than the two separate steps since they 

require less capital investment (i.e., one unit). Moreover, CO2 capture and ODHE reaction 

steps could be implemented at the same temperature so that the need for a high temperature 

swing could be avoided. In this way, cycle time can be significantly shortened by 

eliminating the long cooling step that is typically required in temperature swing processes. 

Furthermore, the high cost of the transportation and infrastructure for carbon capture and 

sequestration could boost the carbon capture and utilization demanding[5][6][7][8][9].  

A primary concern with combined capture and utilization beds has been material 

selection, as the bi-functional material should exhibit a sizable CO2 capture capacity as 

well as favorable catalytic properties (multiple oxidation states, high number of acidic sites, 

etc.). Moreover, the material should be thermally stable up to 750 °C [10] so as to not 

degrade during activation and should be inexpensive to minimize material costs for scale-

up. Farrauto and his group developed a series of different dual function materials (DFMs) 

for combined CO2 capture and methanation through Sabatier reaction. Their efforts focused 

on improving CH4 productivity utilizing different adsorbents (CaO, K2CO3, Na2CO3, and 

MgO) and catalysts (Ru, Rh, Pt, Pd, Ni, Co, Ru-Ni, and Ru-Pt) supported on γ-Al2O3[11–

16]. Kim et al.[17] reported a combined capture-utilization process for syngas production 

directly from flue gas through dry methane reforming. Their process that utilized CaO as 

an adsorbent and Ni-based hydrotalcite (HTC) as a catalyst, achieved almost full 
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conversion of CO2 and CH4 with trace amount of CO2 (0.08%) and CH4 (0.06%) were 

detected in the off-gas stream. In another investigation, Sun et al.[18] proposed a new DFM 

consisting of Ca/Ni/Ce with molar ratio of 1:0.1:0.03 to capture CO2 and then convert it to 

CO through reverse water gas shift reaction (RWGS). The material exhibited 100% CO 

selectivity and 51.8% CO2 conversion. In our previous investigation [19], we demonstrated 

syngas production through a combined CO2 capture-utilization process using various 

DFMs composing of double salt adsorbent (K-Ca, Na-Ca, K-Mg, and Na-Mg), catalyst 

(Ni), and a support (γ-Al2O3). In this process, CO2 first captured on the adsorbent surface 

followed by its subsequent reaction with C2H6 on the catalyst surface to produce syngas. 

Maximum C2H6 and CO2 conversions of 100% and 75%,  respectively were obtained over 

our DFMs. [20]. Creation of novel in-situ capture-conversion technologies requires 

advancements in both materials science and process engineering.  

While ODHE reaction with CO2 has been extensively studied before, to the best of 

our knowledge, the use of combined CO2 capture-utilization process for ethylene 

production through ODHE has not been reported before. Herein, we performed a proof-of-

concept study on ethylene production through ODHE directly from CO2 flue gas in a hybrid 

bed of adsorbent and catalyst materials that are physically mixed. Various adsorbents 

including K-Ca, Na-Ca, and CaO were chosen for this study owing to their high CO2 uptake 

capacity and fast kinetics, abundant, and low cost[9][21][22][23]. Chromium (Cr) was used 

as a catalyst on the basis of its catalytic activity and redox properties [24][20]. H-ZSM-5 

was used as a support for Cr nanoparticles due to its high surface area, three-dimensional 

microporous structure, controllable acidity, and thermal and mechanical 

stability[25][26][27]. Using characterization tools like XRD, N2-physisorption, NH3-TPD, 
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H2-TPR, and XPS, the properties of the materials were thoroughly assessed prior to use. 

The capture-conversion experiments were carried out under semi-isothermal conditions 

where step 1 (capture) was performed at 600 ºC and step 2 (reaction) at 700 ºC. The 

isothermal condition was not achieved because of thermodynamically unfavorable CO2 

adsorption at ≥ 700 ºC. Combined capture-conversion tests were carried out under various 

conditions and with various materials to systematically evaluate the effects of adsorbent 

type, chromium composition, CO2/C2H6 mole ratio, and weight hourly space velocity 

(WHSV) on ethane conversion and ethylene yield. 

 

2. EXPERIMENTAL SECTION 

2.1. MATERIALS SYNTHESIS 

Potassium- and sodium-based calcium oxide double salts (K-Ca and Na-Ca) were 

synthesized following a procedure described in our previous work [9]. Commercially 

purchased CaO (Fischer Scientific) was calcined at 700 ºC for 5 h before use, while 

ammonium ZSM-5 (Si/Al ratio = 50) was calcined at 650 ºC for 6 h to obtain H-ZSM-5. 

Chromium nitrate nonahydrate (Cr(NO3)3.9H2O, Sigma-Aldrich) was used as chromium 

precursor. To incorporate Cr onto the H-ZSM-5 material, wet impregnation method was 

used by which proper amounts of Cr(NO3)3.9H2O (5,10,15 wt. %) were dissolved in 

distilled water and then the solution was added to the H-ZSM-5 powder and kept under 

stirring (400 rpm) for 1 h at room temperature. Next, the slurry was dried at 120 ºC for 4 h 

and the obtained powder was calcined at 650 ºC for 6 h to obtain the designated catalyst. 

The adsorbents and HZSM-5 supported Cr catalysts were physically mixed at a weight 
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ratio of 0.5:0.5 and the obtained materials were designated as (K-Ca)50/(Crx@HZSM-5)50, 

(Na-Ca)50/(Crx@HZSM-5)50, and (CaO)50/(Crx@HZSM-5)50, where x represents the 

weight ratio of Cr(NO3)3.9H2O to HZSM-5 powder. 

2.2. MATERIALS CHARACTERIZATION 

The characterization measurements in this research focused solely on catalysts 

mainly because  the properties of the adsorbents (CaO, K-Ca, and Na-Ca) were discussed 

in our previous works[8][9]. The crystallinity of the materials Crx@HZSM-5 were assessed 

by X-ray diffraction (XRD) analysis using a PANalatical X’ pert multipurpose X-ray 

diffractometer with a scan size of 0.02o /step at a rate of 147.4 s/step. To study the textural 

properties of Crx@HZSM-5 materials, nitrogen physisorption isotherms were measured 

and the corresponding surface area, pore volume, and pore size distribution (PSD) were 

estimated using Brunauer-Emmmet-Teller (BET), Horvath and Kawazoe (HK), and non-

local density functional theory (NLDFT) methods, respectively. Prior to the experiments, 

the materials were degassed under vacuum at 300 ºC for 6 h. X-ray photoelectron 

spectroscopy (XPS) was performed on a Kratos Axis 165 XPS to determine the 

composition of the catalysts. Scanning electron microscopy (SEM) was performed on a 

Zeiss Merlin Gemini field emission microscope (FE-SEM) to study the materials 

morphology. High resolution transition electron microscopy (HR-TEM) images were 

obtained on a JEOL JEM-2100 operated at 200 kv. Prior to taking images, the samples 

were dispersed in isopropanol and then collected using copper grids covered with carbon 

film. Energy dispersive spectroscopy (EDS) analysis was also performed to obtain 

elemental mapping of the materials. the acidity of the Crx@HZSM-5 catalysts was 
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investigated by NH3-TPD analysis. In these tests, the sample was first degassed at 400 ºC 

for 1 h followed by cooling down to 80 ºC under He flow, after which 5% NH3/He was 

introduced to the sample with a flow rate of 40 mL/min for 30 min. Subsequently, He was 

fed to the sample cell to remove any physiosorbed NH3 for 30 min followed by ramping 

the temperature from 80 to 800 ºC at the rate of 10 ºC/min. H2-TPR was also performed to 

study the reducibility of the catalysts. In these tests, the sample was first degassed at 400 

ºC for 1 h and then cooled down to 100 ºC under He, followed by ramping the temperature 

from 100 to 700 ºC at the rate of 10 ºC/min under H2 flow (5% H2/He). 

2.3. COMBINED CAPTURE-REACTION TEST 

The experimental set-up is shown schematically in Figure 1. A stainless-steel 

packed bed reactor with dimensions of 0.635 × 30 cm was placed inside an electric furnace 

and its temperature was controlled using a K-type thermocouple and an omega benchtop 

controller. During each experiment, 0.4 g of the hybrid material (0.2 g adsorbent and 0.2 g 

catalyst) was placed in the reactor. Before placing the sample into the reactor, it was placed 

between two layers of quartz wool to prevent scattering from the gas stream. Ultra-pure 

carrier (UPC) Ar UPC (99.9993), 10% CO2/Ar, and 10% C2H6/Ar (Airgas) gases were fed 

into the reactor using mass flow controllers (MFC, Brooks). The effluent gas composition 

was analyzed using Mass Spectrometer Cirrus 2 (MKS). Argon was used as a zero gas to 

remove the MKS background. Each gas was calibrated with Ar to obtain the sensitivity 

factors. The atomic mass unit (amu) of gases were selected as the following: Ar (40), CO2 

(44), C2H6(30), C2H4(25), H2O (18), CH4(16), CO (14), and H2 (2). Peaks 40 and 44 were 

selected for Ar and CO2, respectively [28]. 28 amu is an overlap peak among C2H6, C2H4, 
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CO2, and CO, as reported by NIST chemistry database [28], therefore, peak 28 was not 

selected for any gases. 

 

 

Figure 1. Schematic representation of the experimental set-up. 

 

The hybrid adsorbent-catalysts performance in the combined CO2 capture-

utilization process was assessed by the process shown in Figure 2. In step one, the sample 

was degassed under 35 mL/min of Ar flow at 700 ºC for 1 h at a heating rate of 20 ºC/min. 

In step two, Ar flow was continued into the reactor and the system was allowed to cool 

down at the rate of ~3 °C/min until its temperature reached 600 °C. In step three, 35 

mL/min of 10% CO2/Ar was flown into the reactor at 600 °C until full saturation was 

observed on the mass spectrometer. Finally, in step four, the reactor was heated to 700 °C 

at 30 °C/min and simultaneously 10% CO2/Ar was shut off and 35 mL/min of 5% C2H6/Ar 

was flown into the reactor. The reaction was allowed to progress until the CO2 



 

 

149

concentration in the effluent gas was observed to be zero. From these experiments, the 

quantities of CO2 adsorbed, desorbed, and reacted were calculated using Eqns. S1-S4, in 

Supporting Information while the molar quantities of effluent gas, C2H6 conversion, C2H4 

selectivity, and C2H4 yield were calculated by Eqns. S5-S8, in Supporting Information. 

Carbon balance was also carried out for the adsorption-reaction process as shown in Eqn. 

S9 in Supporting Information. Here, it should also be noted that, although adsorption and 

reaction occurred in one bed over a dual functional material, it was not possible to obtain 

complete isothermality because CO2 adsorption was found to be unfavorable when the 

temperature was greater than or equal to 700 °C. 

 

 

Figure 2. Steps of the combined capture-reaction process. 

 

3. RESULTS AND DISCUSSIONS 

3.1. MATERIALS PROPERTIES 

The N2 physisorption isotherms and PSD profiles of Crx@H-ZSM-5 catalysts are 

presented in Figure 3 while the corresponding textural properties are summarized in Table 

1. From the N2 physisorption isotherms (Figure 3a), all of the materials exhibited Type IV 

physisorption profiles with a H3 hysteresis loop, consistent with mesoporous materials 
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[29][30]. As expected, the zeolite experienced a ~32-38.5% reduction in N2 uptake of all 

the samples following Cr incorporation. As presented in Table 1, the surface area and pore 

volume dropped from 470 m2/g and 0.47 cm3/g for bare H-ZSM-5 to 380 m2/g and 0.29 

cm3/g for Cr5@HZSM-5, 368 m2/g and 0.27cm3/g for Cr10@HZSM-5, and 391 m2/g and 

0.28 cm3/g for Cr15@HZSM-5 on account of the metal oxide filling within the zeolite pores, 

which blocks some of the available surface area and pore volume. This was further 

supported by the PSD profiles (Figure 3b), where a sizable reduction in pore volume was 

observed in the Cr samples compared to the pristine zeolite. As is apparent from these PSD 

curves, however, the chromium loaded in both the zeolitic meso- and micropores, as a 

reduction in pore volume was observed across every diameter and not just in one regime. 

Also, it is evident from Table 1 that the zeolite support has both micro- and meso- pores in 

its structure and that most of the pores are of mesopore size. Overall, the dataset shown in 

Figure 3 agrees with literature for metal oxide doped-HZSM-5[26][27].  
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Figure 3. (a) N2 physisorption isotherms and (b) pore size distributions of Crx@H-ZSM-5 
catalysts. 
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Table 1. Textural properties of the Crx@H-ZSM-5 catalysts. 

Materials SBET (m2/g) Vtotal (cm3/g) Vmicro(cm3/g) Vmeso(cm3/g) dp (nm) 

HZSM-5 470 0.43 0.04 0.39 1.2, 3.0, 4.8 

Cr5@HZSM-5 380 0.29 0.09 0.2 1.1, 3.1, 4.9 

Cr10@HZSM-5 368 0.27 0.09 0.18 1.2, 3.0, 4.8 

Cr15@HZSM-5 391 0.28 0.1 0.18 1.2, 3.0, 4.9 

 

The comparison of XRD and XPS spectra for the materials examined in this study 

are displayed in Figure 4. From the XRD (Figure 4a), the most dominant diffractive indices 

were those consistent with H-ZSM-5, which were observed at 2θ = 8o , 8.9 o , 23.1 o, and 

24 o, and corresponded to the (101), (200), (501), and (303) planes [31,32]. Importantly, 

because all of these planes were of similar intensity and shape across the different samples, 

it could be concluded that the Cr incorporation did not significantly alter the zeolite 

structure. The XPS analysis was also performed for the bare and Cr incorporated H-ZSM-

5 materials as presented in Figure 4b and Table 2. As evident, the data illustrate the 

presence of Si, Al, O, and C in addition to Cr for the incorporated Crx@HZSM-5 samples. 

It is also clear from Table 2 that the amount of atomic chromium enhanced from 0.13 to 

0.57% as the chromium incorporated ratio increased from 5 to 15 wt. %.  

The samples’ surface topographies were assessed by SEM, as shown in Figure 5. 

In the pristine H-ZSM-5 (Figure 5a), the particles of irregular shape with sizes on the order 

of  ~300 nm in diameter were observed, which agrees with literature [33]. At 5 wt.% Cr 

loading (Figure 5b), the particles maintained their overall shape and little to no 



 

 

152

agglomeration was observed. This was to be expected at low loadings because the Cr 

nanoparticles were solely contained within the micropores and should not have produced 

any intraparticle binding during their calcination. At 10 wt.% loading, however, (Figure 

5c), conglomerates of H-ZSM-5 particles started to form because the elevated loading 
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Figure 4. (a) XRD spectra and (b) XPS survey spectrum of the bare H-ZSM-5 and 
Crx@H-ZSM-5 materials. 

 

Table 2. Elemental composition (atomic %) obtained by XPS. 

Materials O 1s C 1s Si 2p Al 2p Cr 2p 

H-ZSM-5 58.53 16.56 23.63 1.27 - 

Cr5@H-ZSM-5 49.88 28.19 20.99 0.8 0.13 

Cr10@H-ZSM-

5 

46.64 36.8 15.83 0.38 0.35 

Cr15@H-ZSM-

5 

61.6 11.8 25.12 0.9 0.57 
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began to adhere the particles to one another. This effect was further observed at 15 wt.% 

Cr loading (Figure 5d) where agglomeration was increasingly prevalent and it was difficult 

to distinguish individual zeolite particles. This being stated, these effects were to be 

expected from literature, which has repeatedly shown increasing oxide nanoparticle 

loadings on zeolites gives rise to adhesion in between individual particles [34]. 

 

Figure 5. SEM micrographs for (a) bare H-ZSM-5, (b) Cr5@H-ZSM-5, (c) Cr10@H- 
ZSM-5, and (d) Cr15@H-ZSM-5. 

 

To qualitatively assess the Cr species dispersion on the H-ZSM-5 zeolite, TEM and 

elemental mapping images were obtained, as shown in Figure 6a-i. The black dots in the 

TEM images are related to Cr species as reported in the literature for the Cr-incorporated 

H-ZSM-5 material[27] [35]. Analysis of these TEM images revealed that Cr particles in 

Cr5@H-ZSM-5 and Cr10@H-ZSM-5 have irregular shape with sizes around 100 nm, 

whereas in Cr15@H-ZSM-5, particle size became larger (~ 250 nm) due to particles 

agglomeration. EDS elemental mapping from TEM analysis present the chromium species 
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dispersion on the H-ZSM-5 samples. As can be seen, Cr5@H-ZSM-5 and Cr10@H-ZSM-5 

samples show very well dispersed chromium species. For further increasing in the 

chromium content to Cr15@H-ZSM-5, the sample illustrates clustered Cr particles, in 

agreement with TEM images, and H2-TPR results. 

NH3-TPD and H2-TPR experiments were performed on the bare H-ZSM-5 and the 

Cr incorporated H-ZSM-5 samples and the results are illustrated in Figure 7. From the 

NH3-TPD experiments (Figure 7a), it was found that the bare H-ZSM-5 contained weak 

(Brønsted and /or Lewis sites) and strong acid sites (Brønsted sites), as evidenced by the 

two desorption peaks at 188 and 364 ºC, respectively. In the Cr5@H-ZSM-5, there was a 

small shift in the acid site density, as indicated by the change in peak temperature from 364 

ºC to ~350 ºC and from 188 to ~175 ºC. This effect was more pronounced in the Cr10@H-

ZSM-5 and Cr15@H-ZSM-5, as further increase in the Cr loading caused the peak to shift 

to 330 ºC for the strong acid sites, whereas for 10 wt.% sample, the weak acid sites peak 

was shifted to lower temperature (114 ºC) and for 15 wt.% to 140 ºC, in agreement with 

literature [36], this indicated that Cr played a crucial role in reducing the H-ZSM-5 surface 

acidity and made the acid sites more active at lower temperature.  

Moving on to the H2-TPR profiles (Figure 7b), the bare H-ZSM-5 sample gave rise 

to no noticeable peaks which could be attributed to the reduction of oxygen in the H-ZSM-

5 framework. The 5 wt.% Cr sample exhibited a small peak in the temperature range of 

180-450 ºC which was attributed to the reduction of Cr6+ (CrO3) to the Cr3+ (Cr2O3). When 

the Cr loading was increased to 10 wt.%, the peak was shifted to lower temperature 

between 150-450 ºC with higher amount of H2-consumption, because of the reduction of  
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Figure 6. TEM images and corresponding EDS Cr maps for (a-c) Cr5@H-ZSM-5,  (d-f), 
Cr10@H-ZSM-5, and (g-i) Cr15@H-ZSM-5. 

 

Cr6+ to the Cr3+. In Cr15@H-ZSM-5, both of the peaks which were observed in the lower 

loadings were observed, however, a new shoulder was also developed from 450-700 ºC, 

on account of the formation of α-Cr2O3, which are inactive species for ethane 

dehydrogenation [37]. Here, it is also important to note that the amount of hydrogen 

consumed increased steadily as the Cr concentration increased from 5 to 10% wt. % but 
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upon further increase to 15 wt. % Cr, the amount of H2-consumption decreased, which 

could be due to the particles agglomerations, as noted in TEM images, or to the formation 

of new phase α-Cr2O3. Namely, increasing the Cr concentration from 5 to 10 wt.% 

increased the H2 consumption from 0.332 mmol/g to 0.502 mmol/g, while increasing the 

Cr concentration from 10 to 15 wt.% gave rise to 0.305 mmol/g H2 consumption.  
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Figure 7. (a) NH3-TPD of the bare H-ZSM-5 and Crx@H-ZSM-5 and (b) H2-TPR of 
Crx@H-ZSM-5. 

3.2. ADSORPTION-REACTION TEST RESULTS  

Three materials – (CaO)50/(Cr10@H-ZSM-5)50, (Na-Ca)50/(Cr10@H-ZSM-5)50 and 

(K-Ca)50/(Cr10@H-ZSM-5)50 – were selected for testing in our adsorption-reaction setup 

to examine the effect of adsorbent material on overall CO2 capture, C2H6 conversion, and 

C2H4 selectivity. The experiments were performed at 10500 mg/L.h WHSV with 5% 

C2H6/Ar and the results are illustrated in Figure 8. From the initial adsorption step, CO2 

adsorption capacities of 5.2, 3.2, and 0.8 mmol/g were observed for (K-Ca)50/(Cr10@H-

ZSM-5)50, (Na-Ca)50/(Cr10@H-ZSM-5)50, and (CaO)50/(Cr10@H-ZSM-5)50, respectively. 
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The enhanced CO2 capacities in (K-Ca)50/(Cr10@H-ZSM-5)50 and (Na-Ca)50/(Cr10@H-

ZSM-5)50 was attributed to the formation of K2Ca(CO3)2 and Na2Ca(CO3)2 double 

carbonates, and were in agreement with our previous work [9]. Moving on to the reaction 

step, C2H6 conversions of 28.1%, 18.3%, and 18.1%, as well as CO2 conversions of 24.2%, 

23.9%, and 19.8%, were observed for (CaO)50/(Cr10@H-ZSM-5)50, (Na-Ca)50/(Cr10@H-

ZSM-5)50 and (K-Ca)50/(Cr10@H-ZSM-5)50, respectively. It is also worth noting here that 

a small amount of CO and H2O were detected as well, on account of their formation during 

the ODHE reaction. It is clear also from Figure 7 a-c at the beginning of the reaction step 

ethane composition reached plateau and then decreased mainly because while it reached 

the plateau the temperature was still ramping from 600-700 ºC and then it declined due to 

the reaction enhancement as it reached 700 ºC. Also, there was H2O and a little CO detected 

at the beginning of the reaction step and this could be attributed to the RWGS that is 

favored at lower temperature.  

The reaction mechanisms are summarized in Table 3. CO2 reacts with C2H6 through 

oxidative dehydrogenation of ethane to produce C2H4, CO, and H2O (eqn. 1). Ethylene can 

also be produced through other side reaction (ethane dehydrogenation), as shown in eqn. 

2. The role of CO2 has been is to either re-oxidize the Cr (III) to Cr (VI) species[38] or 

eliminate the hydrogen produced by ethane dehydrogenation through RWGS reaction (eqn. 

3) [39]. Interestingly, the amount of ethylene produced is almost equal to the amount of 

hydrogen and water which means that ethylene was produced simultaneously through the 

oxidative dehydrogenation of ethane (eqn. 1) and ethane dehydrogenation (eqn. 3). 

However, the amount of CO produced was a little higher than the amount of water implying 

that CO can also be produced by another side reaction (reverse Boudouard reaction) that 
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can eliminate or reduce the coke formation (eqn. 4). By the time CO2 exhausted, the amount 

of ethylene decreased but hydrogen and CO increased. The decreasing of ethylene 

production was because no more CO2 was available to re-oxidize the Cr (III) to Cr (VI) 

and it is well known that Cr (III) has lower activity for dehydrogenation of light alkanes 

[40]. Notably, the amount of hydrogen was very high, as a result of ethane cracking reaction 

(eqn. 5). The presence of CO could be attributed to the coke formation by ethane cracking 

with the oxygen from the catalyst lattice. The total amount of ethylene produced was 

calculated for the three sets of the materials are depicted in Figure 7d. It was found that as 

the amount of CO2 capture increased, the amount of ethylene capacity enhanced and the 

highest CO2 uptake of 1.04 mmol and C2H6 capacity of 0.46 mmol were obtained for (K-

Ca)50/(Cr10@H-ZSM-5)50, therefore, this material was selected for further investigation due 

to the higher CO2 capture capacity and higher ethylene productivity. 

As shown in Figure 9, the effect of Cr concentration on catalytic activity was 

investigated by performing adsorption-reaction experiments on K-Ca adsorbent physically 

mixed with the 5, 10, and 15 wt.% Cr@ZSM-5 (at the adsorbent: catalyst weight fraction 

of 0.5:0.5), which are denoted as, (K-Ca)50/(Cr5@H-ZSM-5)50, (K-Ca)50/(Cr10@H-ZSM-

5)50, and (K-Ca)50/(Cr15@H-ZSM-5)50, respectively. As can be seen, increasing the Cr 

concentration from 0 – 5 wt.% nearly doubled the C2H6 conversion and increased the CO2 

conversion by 25%. At 10% Cr, the highest C2H6 and CO2 conversions were observed, 

indicating that this loading was optimal for combined capture-conversion experiments. 

Meanwhile, at 15% Cr, the catalytic activity decreased, on account of α-Cr2O3  formation, 

which limited the selectivity towards C2H6 [37], as noted earlier. These results were in 

agreement with the H2-TPR in Figure 7b, which indicated that the catalytic activity was 
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increased from 5 to 10 wt.% Cr but was reduced at 15 wt.%. Cr surface density (the number 

of Cr atoms per unit surface area) was estimated for the Crx@H-ZSM-5 samples using Eqn. 

S10 in supporting information and the results are shown in Table 4. Cr surface density is 

an indicator of the degree of chromium dispersion on the surface, and its lower value 

typically implies a better dispersion [41–43]. The Cr surface density results revealed that 

Cr5%@H-ZSM-5 and Cr10%@H-ZSM-5 have better Cr dispersion than Cr15%@H-ZSM-5 

sample, in agreement with the TEM images. Michorczyk et al. [42] reported that when 

surface density exceeds 0.54 Cr atom/nm2, agglomeration of Cr3+ species on SBA-15 takes 

place. Here we believe that agglomeration of Cr species at 15 wt.% led to reduction in the 

Cr dispersion and enhancement of the 3D bulk oxide species formation, which in turn 

resulted in limited catalytic activity.It should also be noted here that a control experiment 

was performed with (K-Ca)50/(H-ZSM-5)50 (0 Cr loading) under the same conditions and 

the results were compared with those of other catalysts, as shown in Figure 9.  

 

Table 3.  Possible reaction pathways for conversion of ethane to ethylene by ODHE. 

Reaction possible pathways Equation 

2 6 2 2 4 2C H CO C H CO H O+  + +      eqn. 1 

2 6 2 4 2C H C H H +      eqn. 2 

2 2 2CO H CO H O+  +   eqn. 3 

2 2CO C CO+   eqn. 4 

2 6 22 3C H C H +   eqn. 5 

2 6 3 2 4 2 3 23 2 3 3C H CrO C H Cr O H O+  + +   eqn. 6 
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As clearly evident, a negligible ethylene yield was obtained over this material with 

an C2H6 conversion of <5% and CO2 conversion of <10%. Bugrova  et al. [24] reported an 

ethane conversion and ethylene selectivity of 20% and 80%, respectively over CrOX/ZrO2, 

and 20% and 90% over CrOx/Al2O3, respectively at 700 ºC. In the next step, we 

investigated the effect of CO2/C2H6 mole ratio on catalytic performance of (K-

Ca)50%/(Cr10%@H-ZSM-5)50% by varying C2H6 feed concentration from 1 to 2.5 and 5 vol% 

(balanced with Ar) while keeping the WHSV constant at 10500 mL/g.h. The results from 

these experiments are presented in Figure 10a. 

As evident, the C2H4 selectivity experienced a considerable reduction at lower C2H6 

concentrations. Specifically, using a 5% C2H6 feed produced 18.3% C2H6 conversion, 

19.7% CO2 conversion, and 96.7% C2H4 selectivity, however, decreasing the C2H6 feed 

concentration to 2.5% slightly enhanced the C2H6 conversion but at the expense of C2H4 

selectivity which was reduced from 96.7% to 73%.  

Further reducing the C2H6 concentration exacerbated these effects, as the 1% C2H6 

feed further enhanced the overall conversion (50%), but also reduced the C2H4 selectivity 

to ~50%. Such enhanced C2H4 yield to 18.8% and 22.7% at 2.5% and 1% C2H6 feed 

respectively but accompanied with CO2 conversion reduced could be related to the 

enhanced RWGS (eqn. 3) which eliminated H2 and promoted ethylene production. Similar 

effects have been reported in the literature [31,44].  

The effect of weight hourly space velocity (WHSV) on catalyst performance is 

demonstrated in Figure 10b. For this figure, there was no clear correlation between WHSV 

and CO2 conversion, however, C2H6 conversion decreased steadily at higher WHSV 
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Figure 8. Adsorption-reaction profiles for (a) (CaO)50/(Cr10@H-ZSM-5)50, (b) (Na-
Ca)50/(Cr10@H-ZSM-5)50, and (c) (K-Ca)50/(Cr10@H-ZSM-5)50, and (d) comparison of 

the amount CO2 uptake and C2H4 production for different materials. 
 

Table 4.  Chromium surface density of the Crx@H-ZSM-5 materials. 

Catalyst Cr surface density(atom/nm2) 

Cr5%@H-ZSM-5 0.198 

Cr10%@H-ZSM-5 0.41 

Cr15%@H-ZSM-5 0.58 
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Figure 9. Effect of Cr loading on C2H6 conversion, C2H4 yield, and CO2 conversion for 
(K-Ca)50/(H-ZSM-5)50, (K-Ca)50/(Cr5@H-ZSM-5)50, (K-Ca)50/(Cr10@H-ZSM-5)50, and 

(K-Ca)50/(Cr15@H-ZSM-5)50 materials. 
 

values. The best C2H6 yield achieved was 22% at 5000 mL/g. h. The latter effect was 

attributed to a decreased C2H6 residence time, which decreased the amount of contact time 

between the gas molecules and catalyst surface, and did not allow sufficient interaction 
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Figure 10. Effect of (a) C2H6 feed ratio and (b) WHSV on C2H6 conversion, CO2 
conversion and C2H4 selectivity. 
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between the two species. A similar effect has also been reported by Rahmani et. al [25], 

who studied the effect of gas hourly space velocity (GHSV), and reported decreased C2H6 

conversion at higher GHSV values.  

Thermalgravimetric analysis (TGA) was performed on the K-Ca)50/(Cr10@H-

ZSM-5)50 to determine the amount of coke formed during the ODHE reaction, as shown in 

Figure 11. For the fresh sample (Figure 11a), a small peak was observed at 400 °C while a 

large peak was observed at 700 °C. The former was assigned to the decomposition of 

Ca(OH)2 [45], while the latter was attributed to the decomposition of CaCO3 [46]. Both of 

these compounds were expected, as they are known to form during cooling after 

calcination. for the used sample after combined adsorption-reaction (Figure 11b), the 

Ca(OH)2 and CaCO3 peaks were retained, however, a new peak appeared at ~600 °C, which 

was related to the carbon formation. Coke analysis of the same sample after adsorption-

reaction test (Figure 11b) revealed however, the amount of coke formed on this sample was 

low as 0.7 wt.% indicated the importance of the role of CO2 during ODHE reaction in 

enhancing the catalyst stability and ethylene productivity through reverse Boudouard (eqn. 

4) and RWGS reaction (eqn. 3), respectively. 
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Figure 11. Thermal gravimetric analysis of (a) fresh and (b) spent (K-Ca)50/(Cr10@H-
ZSM-5)50. 
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4. CONCLUSIONS 

In this work, a combined CO2 capture-utilization system was studied over a hybrid 

bed consisting of adsorbent and catalyst materials, for conversion of ethane to ethylene 

through oxidative dehydrogenation reaction. Overall, the integrated system was found to 

be effective for both CO2 adsorption and C2H6 conversion. Between the three materials 

examined here, (K-Ca)50/(Cr10@HZSM-5)50, was found to exhibit the best performance, as 

the combination of double carbonate formation as well as availability of Cr sites led to 1.04 

mmol CO2 adsorption capacity as well as 0.46 mmol C2H4 productivity. The effect of C2H6 

feed concentration was also examined here, and C2H4 selectivity was found to decrease at 

lower C2H6 concentrations but in general C2H4 yield was enhanced, as result of the reverse 

water gas shift reaction. Therefore, it was concluded that the C2H6 feed composition should 

be held at 5% in order to maximize the C2H4 selectivity and CO2 conversion. Lastly, the 

best results shown for (K-Ca)50/(Cr10@HZSM-5)50 material with CO2 capacity 5.2 mmol/g 

at 600 °C and the catalytic activity at 700 °C with highest ethane conversion 25%, ethylene 

selectivity and yield of 88% and 22%, and CO2 conversions 14% conversion at 5000 

mL/g.hr and 0.4 CO2/C2H6 mole ratio. Also, coke formation analysis demonstrated small 

amount of coke (ca. 0.7 wt.%) formed on the spent material’s surface. Overall, this study 

demonstrated the utility of a combined capture-utilization process for producing light 

olefins directly from waste CO2. Assuming that the materials are further optimized, they 

could be soon utilized as a novel route for CO2 utilization, greenhouse gas production, and 

manufacturing of value-added commodities.  
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SECTION 

2. CONCLUSIONS AND RECOMMENDATIONS 

2.1. CONCLUSIONS  

In this investigation, novel materials and processes related to integrated CO2 

capture and utilization have been developed and performed.to produce chemicals and fuel. 

First, double salts based CaO (K-Ca and Na-Ca) and metal based CaO (Fex@CaO and 

Gax@CaO) adsorbents have been developed at high temperature. Superior CO2 uptake 

were achieved for 10 wt% Fe @CaO and 10 wt% Ga @CaO 13.7 and 14.2 mmol/g at 650 

oC. 

Second, Combined CO2 capture and utilization system has been implemented for 

syngas and ethylene production through dry reforming of ethane. (DRE) and oxidative 

dehydrogenation of ethane (ODHE) respectively. Specifically, dual function materials 

(DFMs) have been employed for syngas production with high conversion of ethane 100% 

For ethylene production, the material (K-Ca)50%/(Cr10@HZSM-5)50% exhibited 25% ethane 

conversion and 88% ethylene selectivity. 

2.2. RECOMMENDATIONS 

The following recommendations can be considered as future work to improve the 

performance of DFMs: 

1. Enhancing the catalytic activity for ethylene production by either using 

bimetallic catalysts or developing more efficicient supports. 
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2. Developing novel materials that can capture and utilize CO2 into ethylene 

in isothermal manner. 

3. Developing novel materials for integrated CO2 capture and utilization into 

valuable-added chemicals and fuels such as methane, methanol, propelene, 

and DME. 

4. Performing density functional theory (DFT) computations to understand the 

adsorption and reaction mechanisms on the dual functional materials. 
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Figure S1. XRD spectra of bare CaO before and after CO2 adsorption at 375 °C. 
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Figure S2. Adsorption isotherm of bare CaO at 375 °C. 
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Figure S3. FT-IR spectra of bare CaO before and after CO2 adsorption at 375 °C. 
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Figure S1. CO2 capacity of (a) Ni@K-Mg, (b) Ni@Na-Mg, (c) Ni@Na-Ca, and (d) 
Ni@K-Ca with different Ni weight ratios at 375 °C and 1 bar. 
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Reaction Pathways 

𝐶ଶ𝐻଺ + 2𝐶𝑂ଶ → 4𝐶𝑂 + 3𝐻ଶ                  ΔH0
25 = 428.1 kJ/mol                                           (1) 

𝐶ଶ 𝐻଺ + 𝐶𝑂ଶ → 𝐶ଶ𝐻ସ + 𝐶𝑂 + 𝐻ଶ𝑂         ΔH0
25 = 134 kJ/mol                                           (2) 

𝐶ଶ𝐻଺ → 𝐶ଶ𝐻ସ + 𝐻ଶ                                  ΔH0
25 = 137 kJ/mol                                           (3)  

𝐶ଶ𝐻଺ + 2𝐶𝑂ଶ → 𝐶𝐻ସ + 3𝐶𝑂 + 𝐻ଶ𝑂        ΔH0
25 = 180 kJ/mol                                                   (4) 

𝐶𝑂ଶ + 𝐻ଶ → 𝐶𝑂 + 𝐻ଶ𝑂                             ΔH0
25 = 28 kJ/mol                                                          (5) 

2𝐶𝑂 → 𝐶𝑂ଶ + 𝐶                                       ΔH0
25 = -172 kJ/mol                                                      (6) 

𝐶ଶ𝐻଺ + 𝐻ଶ → 2𝐶𝐻ସ                                 ΔH0
25 = -66 kJ/mol                                                      (7) 

𝐶𝐻ସ → 𝐶 + 2𝐻ଶ                                       ΔH0
25 = 75 kJ/mol                                                         (8) 
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Figure S2. Effect of support on CO2 and C2H2 conversion at 650 °C. 
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SUPPORTING INFORMATION FOR 
IMPROVING ADSORPTIVE PERFORMANCE OF CAO FOR HIGH 
TEMPERATURE CO2 CAPTURE THROUGH FE AND GA DOPING  

 

Ahmed Al-Mamoori, Shane Lawson, Ali A. Rownaghi, Fateme Rezaei*  

Department of Chemical & Biochemical Engineering, Missouri University of Science 
and Technology, Rolla, MO 65409-1230, United States 

 

CRYSTALLITE SIZE CALCULATION 

The crystallite size of the bare CaO, Fe10@CaO, and Ga10@CaO were obtained using 

Scherrer equation: 

𝜏 =
௄ ఒ

ఉ ௖௢௦ఏ
                                                                     (1) 

where 

𝜏 : size of crystallite size 

𝐾 : shape factor = 0.94 

𝜆 : copper wavelength = 0.154 nm, 

𝛽 : full width half maximum intensity (FWHM) of CaO, 

𝜃 : Bragg angle 

 

Table S-1. Crystallite size of the bare and promoted CaO adsorbents.  

Adsorbent Crystallite size (nm) 

Bare CaO 39 

Fe10@CaO 31 

Ga10@CaO 25 
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SUPPORTING INFORMATION FOR INTEGRATED CAPTURE AND 
UTILIZATION OF CO2 IN ETHYLENE PRODUCTION OVER COMBINED 

ADSORBENT-CATALYST MATERIALS 

 

Ahmed Al-Mamoori, Shane Lawson, Ali A. Rownaghi, Fateme Rezaei* 

Department of Chemical & Biochemical Engineering, Missouri University of Science 
and Technology, 1101 N State Street, Rolla, MO, 65409, United States 

 

GAS AMOUNT CALCULATIONS 

CO2 adsorption capacity (q, mmol/g) was determined as follows: 

𝑞ቀ𝑚𝑚𝑜𝑙
𝑔ൗ ቁ =

ி಴ೀమ೔೙ ∫ ቆଵି
೤಴ೀమ೚ೠ೟

೤಴ೀమ೔೙
ቇௗ௧

೟ೌ
బ

௠ೌ೏ೞ
                                                 (1) 

where FCO2in is the CO2 molar flow rate at the column inlet in mmol/s, yco2 in and yco2 out are 

CO2 mole fractions at the inlet and outlet streams respectively. mads stands for the adsorbent 

mass in g and ta is the adsorption time in s. The amount of CO2 adsorbed and desorbed 

were calculated as follows: 

𝑛஼ைమ௔ௗ௦. = 𝐹஼ைమ௜௡ ∫ ൬1 −
௬಴ೀమ೚ೠ೟

௬಴ೀమ೔೙
൰ 𝑑𝑡

௧ೌ

଴
                                                    (2) 

𝑛஼ைమௗ௘௦. = ∫ (𝐹௢௨௧௟௘௧ ௧௢௧௔௟ × 𝑦஼ைమ௢௨௧)
௧೏

଴
𝑑𝑡                                                (3) 

where td: is the desorption time. CO2 Conversion was obtained as follows: 

𝑋஼ைమ
=

஼ைమ ೌ೏ೞ.ି஼ைమ ೏೐ೞ.

஼ைమ ೌ೏ೞ.
× 100%                                                                (4) 

The moles of gases at the outlet can be calculated 

𝑛௜ ௢௨௧௟௘௧ = ∫ (𝐹௢௨௧௟௘௧ ௧௢௧௔௟ × 𝑦௜)
௧ೝ

଴
𝑑𝑡                                                         (5) 
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where ni outlet is the gas mole at the outlet, tr is the reaction time, and yi is the gas mole 

fraction. The C2H6 conversion, C2H4 selectivity, and C2H4 yield were obtained as the 

following: 

𝑋஼మுల
% =

஼మுల௠௢௟௔௥ ௙௟௢௪ ௜௡ି஼మுల௠௢௟௔௥ ௙௟௢௪ ௢௨௧

஼మுల௠௢௟௔௥ ௙௟௢௪ ௜௡
× 100%                          (6) 

𝑆஼మுర
% =

஼మுర௠௢௟௔௥ ௙௟௢௪ ௢௨௧

஼మுల௠௢௟௔௥ ௙௟௢௪ ௜௡ି஼మுల௠௢௟௔௥ ௙௟௢௪ ௢௨௧
× 100%                          (7)  

𝑌஼మுర
% =

஼మுర௠௢௟௔௥ ௙௟௢௪ ௢௨௧

஼మுల௠௢௟௔௥ ௙௟௢௪ ௜௡
× 100%                                                       (8) 

Carbon balance was calculated for all the samples as shown in the following eqn.: 

𝑐𝑎𝑟𝑏𝑜𝑛 𝑏𝑎𝑙𝑎𝑛𝑐𝑒% =
∑ ௧௢௧௔௟ ௠௢௟௘௦ ௢௙ ௚௔௦೔ ௔௧ ௧௛௘ ௢௨௧௟௘௧∗௡௢.௢௙ ஼ ௔௧௢௠ ௜௡ ௧௛௘ ௚௔௦೔

೙
೔సభ

∑ ௧௢௧௔௟ ௠௢௟௘௦ ௢௙ ௚௔௦೔ ௔௧ ௧௛௘ ௜௡௟௘௧∗௡௢.௢௙ ஼ ௔௧௢௠ ௜௡ ௧௛௘ ௚௔௦೔
೙
೔సభ

∗ 100%     (9) 

 

Table S-1. Carbon balance of the adsorption-reaction tests. 

Materials WHSV 

(ml/g.h) 

C2H6 feed 

ratio 

Carbon balance 

(%) 

(CaO)50%/(Cr10%@H-ZSM-5)50% 10500 5% 101 

(Na-Ca)50%/(Cr10%@H-ZSM-5)50% 10500 5% 97 

(K-Ca)50%/(Cr10%@H-ZSM-5)50% 10500 5% 101 

(K-Ca)50%/(Cr5%@H-ZSM-5)50% 10500 5% 101 

(K-Ca)50%/(Cr10%@H-ZSM-5)50% 10500 1% 90.9 

(K-Ca)50%/(Cr10%@H-ZSM-5)50% 10500 2.5% 96.8 

(K-Ca)50%/(Cr10%@H-ZSM-5)50% 7500 5% 103 

(K-Ca)50%/(Cr10%@H-ZSM-5)50% 13500 5% 107 

(K-Ca)40%/(Cr10%@H-ZSM-5)60% 5000 5% 101 
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