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Abstract 

CO2 capture and conversion appears to be a prominent solution to mitigate greenhouse gas 

emissions (GHG) and global warming issue. Among different CO2 conversion approaches, 

CO2 hydrogenation via reverse water gas shift (RWGS) reaction is one of the most promising 

technology to convert CO2 to CO. Subsequently, CO is transformed to value added chemicals 

or liquid fuels. To improve the overall CO2 conversion for RWGS reaction, product separation 

and recycling is being proposed. 

In this research, adsorption separation technology has been explored to selectively separate 

CO from CO2 in RWGS using pressure swing adsorption (PSA) process.  To investigate the 

adsorption capacity and selectivity of CO, different porous materials have been identified for 

CO separation. In this research, activated carbons, ordered mesoporous silica, and metal 

organic framework materials were studied. Equilibrium isotherms of CO and CO2 were 

measured in a gravimetric system at a temperature of 25 °C for pressures up to 20 bar.  

Preliminary adsorption isotherm results had shown an insufficient CO uptake and low 

selectivity level compared to CO2, thus not justifying their application for CO separation. 

Herein, to improve the CO adsorption capacity and selectivity, Cu-based adsorbents were 

developed using copper (II) chloride (CuCl2) as a precursor to synthesize six different 

adsorbents. The adsorbents were prepared using two different synthesis methods; the modified 

polyol method for reduction and nanoparticle deposition of Cu (I) ions, and thermal monolayer 

auto-dispersion method. Furthermore, different copper (II) loadings were investigated to 

determine the monolayer dispersion capacity of CuCl2 on the support.  

The modified adsorbents by copper salt exhibited significantly high CO uptake with large 

CO/CO2 selectivity, reversing the results obtained before adsorbent modification. Thus, Cu-

based adsorbents are promising materials for CO separation and recovery from a gaseous 

mixture containing CO2.  
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Résumé 

Le captage et la conversion de CO2 semblent être une solution proéminente permettant 

d’atténuer les émissions des gaz à effet de serre (GES) et de lutter contre le réchauffement 

climatique. Parmi les processus de conversion de CO2, l’hydrogénation de CO2 par la réaction 

des gaz à l’eau inverse (RWGS) et l’une des technologies les plus prometteuses pour convertir 

le CO2 en CO. Par la suite, le CO est transformé en produits chimiques à valeur ajouté ou bien 

en combustibles liquides. Afin d’améliorer la conversion globale de CO2 pour la réaction 

(RWGS), la séparation et le recyclage des produits sont proposés 

Dans cette étude, la technologie de séparation par adsorption a été exploité pour séparer 

sélectivement le CO du CO2 dans la réaction RWGS en utilisant un processus d'adsorption 

modulée en pression (AMP). Afin d’étudier la sélectivité et la capacité d’adsorption du CO, 

différents matériaux poreux ont été identifiés pour la séparation du CO. Dans cette étude, les 

charbons actifs, la silice mésoporeuse ordonnée, et les charpentes métalliques-organiques 

(MOF) ont été étudiés. Les équilibres isothermes du CO et du CO2 ont été mesurés dans un 

système gravimétrique à la température de 25 °C, et pour des pressions allant jusqu'à 20 bar. 

Les résultats préliminaires des isothermes d'adsorption avaient montré une absorption 

insuffisante de CO et un faible niveau de sélectivité par rapport au CO2. Chose qui ne justifie 

pas leur application dans la séparation de CO. Par conséquence, afin d’améliorer la capacité 

d'adsorption et la sélectivité du CO, des adsorbants à base de Cu ont été développés en utilisant 

du chlorure de cuivre (II) (CuCl2) comme précurseur pour synthétiser six adsorbants différents. 

Les adsorbants ont été préparés en utilisant deux méthodes de synthèse différentes; la méthode 

de polyol modifié pour la réduction et le dépôt de nanoparticules d'ions Cu (I), et la méthode 

d'auto-dispersion thermique monocouche. De plus, différentes chargement de cuivre (II) ont 

été étudiées pour déterminer la capacité de dispersion monocouche de CuCl2 sur le support. 

Les adsorbants modifiés par le sel de cuivre ont montré une absorption de CO 

significativement élevée avec une grande sélectivité CO / CO2, inversant les résultats obtenus 

avant la modification de l'adsorbant. Ainsi, les adsorbants à base de Cu sont des matériaux 

prometteurs pour la séparation et la récupération du CO à partir d'un mélange gazeux contenant 

du CO2. 
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: Introduction 

1.1  Introduction 

Carbon dioxide (CO2) is considered as one of the most significant anthropogenic greenhouse gases 

(GHGs). It represents about 65% of total global greenhouse gas emissions when compared with 

other greenhouse gases such as methane (CH4), nitrous oxide (N2O), and fluorinated gases [1]. 

Moreover, the CO2 concentration in the atmosphere is continuously growing with an 

unprecedented rate according to the National Oceanic and Atmospheric Administration (NOAA). 

The average global CO2 concentration in 2019 was 409.8 ppm [2], with annual average increase 

rate of 2 ppm/year in the last decade (IEA, 2017). Currently, amongst the main potential sources 

of global CO2 emissions is energy sector, including the heat generation and electricity production 

produced from coal combustion which is accounted for 45% of global CO2 emissions compared 

to gas (20%) and oil (34%) (IEA report 2017). This increase in CO2 from energy sector will 

continue to rise due to world economic growth and development. 

The total primary energy supply (TPES) increased by almost 150% between 1971 and 2015 (IEA 

report 2017), It is expected that the energy consumption will increase by 57 % by 2030 according 

to the Energy Information Administration (EIA).  

To mitigate GHG emissions and climate change, Paris Agreement was signed in 2015 to 

substantially reduce the GHG emissions and limit the global temperature rise well below 2 degree 

Celsius in comparison to the pre-industrial levels (UNFCCC, 2015). To achieve these goals, 

several approaches have been considered and adopted. Among them is to find alternative sources 

of energy e.g. renewable energy to replace the existing coal and natural gas combustion for energy 

production, efficient use of energy to reduce energy intensity and the third option is the 

development of carbon capture and storage (CCS) technologies.  However, among these options, 

CCS is considered as a short-term transitional technology solution for GHG mitigation until the 

technologies get matured and become economically feasible.  With respect to the CCS, carbon 

capture from large point source emissions is the most promising and economically viable 

technology option. In this approach, CO2 is captured from the main emitters such as fossil fuel 

combustion systems and industrial processes using one of the three options: pre-combustion, post-



2 
 

combustion or oxy-fuel combustion. The CO2 captured is then transported through pipelines and 

subsequently stored in underground saline aquifer or depleted oil and gas fields.  Although this 

technology is very promising, the CO2 storage is only feasible where storage sites and sufficient 

capacity are available beside geological structures that permit safe sequestration of CO2. 

Unfortunately, this is not always a feasible solution as many places in the world are not suitable 

for CO2 storage due to geological reasons or the storage capacity is very limited. This led to find 

other alternative solutions where CO2 storage is replaced with other technologies. Over the past 

few years, CO2 conversion technologies has been extensively studied and developed to convert 

CO2 to relevant chemicals and fuels.  

Among several CO2 conversion pathways shown in Figure 1-1, the most promising technology is 

CO2 conversion into fuels and thereby reducing dependence on fossil fuel. This will ultimately 

reduce the overall CO2 emission to the atmosphere and help mitigate GHG emissions.  

 

Figure 1-1. Pathways for CO2 utilisation [3] 

CO2 conversion and utilisation has attracted great attention and supported by governments and 

industry groups due to its roles in mitigating CO2 emissions permanently and for its economic 

value.  
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CO2 utilization and conversion is divided into two different pathways. One is the non-conversion 

CO2 use or direct CO2 utilization where CO2 can directly be used in many processes such as in 

enhanced oil recovery (EOR), used as solvent in injection oil reservoirs and in supercritical state 

in some advanced power plants, etc.  

The indirect method of CO2 utilization is through CO2 reaction and transformation to other 

chemicals such as urea synthesis and its derivatives, salicylic acid, and carbonates [4]. The CO2 

hydrogenation through catalytic reactions includes various reactions to produce hydrocarbons, 

methanol, methane, etc. However, The CO2 activation is a challenging operation as CO2 is 

thermodynamically and kinetically stable, so high energy is required to split CO2 molecules. To 

make this process more feasible, the selection of suitable catalyst and operating conditions is 

required. Hydrogen is the main element used in all CO2 hydrogenation reactions and it needs to be 

produced from carbon free sources using renewable energy such as solar and wind energy.  For 

instance, at low energy demand, the electricity produced from solar panels or wind turbines could 

be used to power water electrolysers to split water and generate hydrogen. Thus this seasonal 

energy is stored in hydrogen which is in turn used in different applications.  

In this thesis, the focus will be on direct hydrogenation of CO2 through Reverse Water Gas Shift 

(RWGS) reaction (eq. 1.1) to produce carbon monoxide (CO) and water (H2O). Subsequently, 

hydrogenation of CO can be carried out through Fisher Tropsch synthesis (eq. 1.2) to produce 

methanol as well as long chain hydrocarbons as a final product.  

 𝐶𝑂ଶ + 𝐻ଶ    ↔  𝐶𝑂 + 𝐻ଶ𝑂  (1.1) 

 (2n + 1)Hଶ + nCO → C୬Hଶ୬ାଶ  +  nHଶO  (1.2) 

As RWGS is a reversible equilibrium reaction, the unreacted CO2 and H2 need to be recycled back 

to the RWGS reactor in order to increase the overall conversion of the reaction. To recycle CO2, a 

separation process is necessary to separate the product CO from unreacted CO2 and H2. 

The proven technologies for CO separation from CO2 and H2 such as cryogenic distillation and 

liquid absorption are energy intensive [5] with high operating costs.  The interest on adsorption 

separation including pressure swing adsorption (PSA) and temperature swing adsorption (TSA) 

continue to grow due to the process simplicity, low operating cost and low energy consumption.   
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Many porous materials have been used for CO separation, among them activated carbons, zeolites 

and metal organic frameworks [6]. However, their adsorption capacity and selectivity toward CO 

is not high for CO purification. Furthermore, the selectivity toward CO2 is higher. To improve the 

adsorbents’ uptake of CO, copper based adsorbents were developed to selectively adsorb CO 

through π complexation between Cu (I) ions and CO.  

1.2  Adsorption separation 

Adsorption separation process has been widely employed in many industrial applications, such as 

pollution control, heat storage, catalytic reactions, and gas separation and purification. The process 

is based on spontaneous interaction between gas or liquid molecules to the surface of a solid called 

the adsorbent. This interaction depends on the force field existing at the adsorbent surface. 

Depending on the nature of these forces, the adsorption process is classified to two different 

mechanisms, physisorption and chemisorption. In physisorption or physical adsorption, the 

interaction between the adsorbate and the adsorbent is based on Van Der Waals forces where the 

gas molecules maintain their electronic structure. The binding force is generally weak and depend 

on the polarizability and on the number of atoms involved. The process is reversible, to remove 

the adsorbate from the adsorbent surface, simple change in pressure or temperature is sufficient 

for adsorbent regeneration. On the other hand, chemisorption or chemical adsorption is a process 

in which a chemical interaction between the adsorbent and the adsorbate happens. The chemical 

bonds formed, may be covalent or ionic, involving higher energy of activation (80-240 kJ/mol). 

Contrary to physisorption, the chemisorption is a less reversible process, unless extreme change in 

operating conditions are applied.  

1.2.1  Adsorption isotherms 

Adsorption isotherm represents the equilibrium concentration of adsorbed gas into the surface in 

mmol/g as a function of partial pressure of the adsorbate at constant temperature. The plot is 

obtained through experimental data collected from a gravimetric or volumetric system. At constant 

temperature, and while varying the system pressure, the change in mass of the adsorbent is 

recorded indicating the amount of gas adsorbed at given pressure. Figure 1-2 represents the six 

types of adsorption isotherms according to  the International Union of Pure and Applied Chemistry 

(IUPAC) classification for gas adsorption on the surface [7]. The shape of the isotherms depends 
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on the pore size of the adsorbent and type of interaction with the adsorbate. Microporous materials 

led to type I isotherms with uni-molecular adsorption. Type II isotherms correspond to non porous 

materials, type III, convex and undesirable, representing a weak interaction between adsorbent and 

adsorbate. Mesoporous materials yield to type IV isotherms, with a hysteresis loop usually 

associated with capillary condensation. Type V isotherms are similar to type III representing a 

weak interaction between the adsorbate and the adsorbent, with a hysteresis in a multi-molecular 

adsorption region. Type VI isotherms represent adsorption on homogeneous, nonporous material 

where the monolayer capacity corresponds to the step height. 

In the adsorption process, the adsorbent is regenerated through two different processes, pressure 

swing adsorption (PSA) or temperature swing adsorption (TSA) depending on which operating 

parameter has been changed. 

 

 

Figure 1-2. Classification of adsorption isotherms according to IUPAC [7] 
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1.2.2  Pressure swing adsorption 

Pressure swing adsorption (PSA) is a common process used in industry for bulk gas mixture 

separation. The technology was invented by Skarstrom in 1959 for separation of oxygen from air. 

PSA process is based on reducing the operating pressure to regenerate the adsorbents. The process 

is mainly done in three different steps. At the first step, the adsorption happens under pressure to 

selectively adsorb the components from the gas feed. In next step, the adsorber is subject to 

expansion through pressure reduction to desorb the components previously adsorbed. In the last 

step, the pressure is increased back to adsorption pressure and the cycle is repeated. To enhance 

adsorbents regeneration, a purging gas is usually used at the end of step 2 to sweep out the desorbed 

components. PSA is associated to low energy cost penalty [8].  

 

1.2.3  Temperature swing adsorption 

In TSA, adsorption takes place usually at ambient temperature, while the regeneration is achieved 

by increasing the temperature while keeping the pressure constant. This process is usually used 

when the adsorbed species cannot be removed from the adsorbent by pressure swing. 

In industrial applications, TSA is usually followed by purging with hot gas to sweep out the 

desorbed species. Some of the applications include trace impurity removal from air, gas or air 

drying, solvent recovery, etc.  TSA is a slower process and more energy intense compared to PSA 

thus it is not as attractive as PSA from an economical and productivity perspective. 

 

1.3  Research Objectives 

The work presented in this thesis has been carried out to investigate the adsorption of carbon 

monoxide (CO) in different porous materials including activated carbons, ordered mesoporous 

silica and metal organic framework (MOF) materials. The focus is to develop novel adsorbents 

that are more selective to CO with low affinity towards CO2. A supported metal solid adsorbent 

via π-complexation between metal ions and CO molecules was developed through two types of 

copper introduction into the porous materials: 
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- The thermal monolayer dispersion method using hydrous copper chloride (CuCl2.2H2O). 

- Impregnation with copper chloride (CuCl2) using modified polyol method. 

The experimental results were compared to conclude the best methodology for adsorbents’ 

modification. 

1.4  Thesis outline 

This thesis is organized in the following order:  

Chapter 1 describes the introduction, and research objectives. 

Chapter 2 provides the process simulation and model development details including process 

description and steady state model validation for RWGS reaction. 

Chapter 3 presents the literature review of the latest results obtained in CO adsorption and 

separation technologies. 

Chapter 5 presents the results obtained from experimental data carried out in different porous 

materials, including the modified adsorbent with copper chloride salt. 

Chapter 6 provides the conclusions of this research work and recommendations for further studies.   

1.5  Nomenclature 

EIA Energy Information Administration 

GHG Greenhouse gas 

IUPAC International Union of Pure and Applied Chemistry 

NOAA National Oceanic and Atmospheric Administration  

PSA pressure swing adsorption 

TPES total primary energy supply 

TSA temperature swing adsorption 
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: Process Simulation of Reverse Water Gas Shift Reaction 

2.1 Abstract 

The catalytic hydrogenation reaction of carbon dioxide (CO2) to produce carbon monoxide (CO) 

via reverse water gas shift reaction (RWGS) is a viable pathway to convert CO2 captured from 

different emitting sources such as power plants and industrial processes to CO. CO can be 

converted into value added products such as chemicals and liquid fuels through CO hydrogenation 

reaction.  RWGS is one of the most prominent technologies with high technology readiness level 

for CO2 utilization beside other technologies such as syngas synthesis from methane dry reforming 

and direct CO2 hydrogenation [1]. This chapter focuses on the operation and thermodynamic 

properties of RWGS. A process simulation studies using Aspen HYSYS software is conducted to 

study the effect of different parameters such as temperature, pressure, feed flow concentration, 

recycle ratio on the reaction conversion and product selectivity. Sensitivity analysis is conducted 

to define optimal operating conditions to maximize CO2 conversion and CO selectivity. 

2.2  Introduction 

Carbon dioxide is the main greenhouse gas emitted into the atmosphere. Its concentration 

continues to rise and currently surpassed 410 ppm according to National Oceanic and Atmospheric 

Administration (NOAA). Therefore, the impact on the environment is alarming. To mitigate 

greenhouse gas emissions, significant efforts are being implemented. The first approach is to 

reduce the amount of CO2 produced from major emitters such as conventional fossil fuel 

combustion plants for electricity production and replace them with low carbon energy sources such 

as renewable and nuclear energy. The second approach is to reduce the carbon emissions by the 

implementation of carbon capture and storage technologies (CCS). In the latter approach, CO2 

from large emitting sources such as coal fired power plants and industrial processes is captured, 

transported through pipelines and securely stored underground. The CCS is a readily deployable 

technology; however, its implementation is facing several challenges. The main challenge is 

related to large capital investments. The other obstacle is related to the storage sites. In some cases 

the storage capacity is limited or not available thus this technology may not be always feasible. 
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The alternative solution for CO2 mitigation is the utilization of CO2 captured and its conversion to 

value added products such as fuels and chemicals. Currently, there is a growing effort to develop 

technologies to use CO2 from industrial flue gas as a feedstock and convert it to liquid fuels and 

chemicals. To convert CO2, three different pathways can be applied [2]: thermochemical 

conversion, photoelectrocatalysis reaction and CO2 hydrogenation reactions. In this paper we will 

focus on CO2 hydrogenation through RWGS reaction where captured CO2 and H2, which is 

obtained from a renewable source are converted to carbon monoxide and water. Subsequently, the 

CO produced is converted to different synthetic fuels such as gasoline, diesel oil and 

petrochemicals through Fisher Tropsch (FT) synthesis[3]–[5] or other CO hydrogenation 

processes. A schematic diagram of the overall process is shown in Figure 2-1 

RWGS is also a promising reaction in space exploration since CO2 is available at high 

concentration (about 95%) in Mars and H2 is either brought from earth or produced from water 

electrolysis needed to produce oxygen [6]–[8]. 

To make CO2 conversion more feasible, a carbon free energy source should be applied such as 

renewable (e.g. solar and wind) and nuclear energy. Effective reaction conditions, reactor design 

and the choice of active catalyst are also parameters to consider lowering the process energy 

demand and increase the product selectivity and CO2 conversion. 

 

 

Figure 2-1. Schematic diagram of liquid fuel production from CO2 through RWGS and FT process.  

 



11 
 

RWGS reaction has been known in chemistry since the 1800’s [9]. For the last two decades, many 

experimental studies were carried out to demonstrate its effectiveness and the performance of 

different catalysts. In this study, a process simulation tool using Aspen HYSYS platform is applied 

to investigate the thermodynamic equilibrium data of RWGS reaction and effects of different 

parameters on reaction conversion and products’ selectivity. 

2.3 Thermodynamics of RWGS 

RWGS is a reversible reaction in which CO2 reacts with H2 to produce CO and H2O.  The reaction 

stoichiometry is shown in equation (2.1): 

 𝐶𝑂ଶ + 𝐻ଶ  → 𝐶𝑂 + 𝐻ଶ𝑂           𝛥𝐻 =
ସଶ.ଶ௞௃

௠௢௟
 (2.1) 

Since RWGS is an endothermic reaction (𝛥𝐻 > 0), according to Le Chatelier principle, the reaction 

is thermodynamically favoured at high temperatures. Furthermore, CO2 is a very stable molecule 

with high Gibbs free energy of formation (𝛥𝐺 = -394KJ/mole), therefore its transformation to other 

compounds requires an intensive amount of energy. 

Figure 2-2 [10] shows the Gibbs free energy of CO2 and some other compounds. The addition of 

higher Gibbs free energy reactants such as H2 will make the CO2 transformation 

thermodynamically easier with less energy requirements.  

In parallel to RWGS reaction, few side reactions may also be present [11], including:  

Sabatier reaction: 

 𝐶𝑂ଶ + 4𝐻ଶ  → 𝐶𝐻ସ + 2𝐻ଶ𝑂    𝛥𝐻 =
ିଵ଺  ௞௃

௠௢௟
                                   (2.2) 

CO methanation reaction: 

 𝐶𝑂 + 3𝐻ଶ  → 𝐶𝐻ସ + 𝐻ଶ𝑂    𝛥𝐻 =
ିଶ଴଺ ௞௃

௠௢௟
                                     (2.3) 

Boudouard reaction: 

 𝐶𝑂 + 𝐶𝑂 → 𝐶(𝑠) + 𝐶𝑂ଶ   𝛥𝐻 =
ିଵସଶ ௞௃

௠௢௟
                                       (2.4) 
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Figure 2-2. Gibbs free energy of CO2 and some other compounds [10]. 

2.3.1  Equilibrium constant 

To find the equilibrium composition of RWGS, the equilibrium constant Kp needs to be calculated. 

Kp is defined as the ratio of the partial pressures or concentration of the reactants and products at 

equilibrium at a certain temperature. Equation (2.5) shows the equilibrium constant equation. 

 𝐾௉ = ൬
௉಴ೀ௉ಹమೀ

௉஼ைమ௉ಹమ

 ൰
௘௤

 = 𝑒
ቂି 

೩ಸ

ೃ೅
ቃ (2.5) 

For RWGS, the equilibrium constant was calculated using equations (2.6) and (2.7) [12]  

 𝐾௉= exp (Z(Z(0.63508 – 0.29353Z) + 4.1778) + 0.31688) (2.6) 

 𝑍 = ቀ
ଵ଴଴଴

்
ቁ − 1   𝑇𝑖𝑛 𝐾𝑒𝑙𝑣𝑖𝑛 (2.7) 
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Since RWGS is an endothermic reaction, the equilibrium constant will increase as temperature 

increases and high conversions are favoured at high temperatures. The Kp calculation results are 

illustrated in Figure 2-3.  

 

Figure 2-3. RWGS equilibrium constant Kp at different temperatures. 

 

The equilibrium conversion of CO2 (XCO2,eq) can be calculated from the equilibrium constant Kp 

as a function of temperature. For an equimolar feed of CO2 and H2, the equilibrium constant is 

expressed in equation (2.8). Figure 2-4 illustrates how the calculated equilibrium conversion 

increases with increasing temperature as expected for endothermic reactions. 

Xେ୓ଶ,ୣ୯ =
ඥ୏ౌ

ଵ
+ ඥK୔                                                  (2.8) 
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Figure 2-4. Equilibrium conversion of CO2 as a function of temperature for the RWGS reaction.  

 

2.3.2 CO2 conversion and yield of CO and CH4 

The CO2 conversion, CO and CH4 yield are calculated using equations 2.9, 2.10 and 2.11 

consecutively, with CO and CH4 are the only detectable products gas from CO2 hydrogenation, 

considering all the side reactions happening in parallel to RWGS. 

 𝐂𝐎2 𝐜𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧 (%) = ([CO2]In - [CO2]Out)/[CO2]In 𝑿  100  (2.9) 

 𝐂𝐎 𝐲𝐢𝐞𝐥𝐝 (%) = [CO]out/([CO]out+ [CO2]out+[CH4]out) 𝑿  100 (2.10) 

 𝐂𝐇4 𝐲𝐢𝐞𝐥𝐝 (%) = [CH4]out/([CO]out+ [CO2]out+[CH4]out) 𝑿  100 (2.11) 
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2.4 Process simulation  

2.4.1 Simulation methodology 

To develop the process flow diagram shown in Figure 2-5 in HYSYS software, it is required to 

select the equation of state (EOS) that can correctly determine the thermodynamic property of the 

gas mixture such as pressure (P), temperature (T) and molar volume (Vm). Many EOS’s have been 

developed and Peng Robinson EOS (PR-EOS) was chosen as it is widely used in gas processing 

and petroleum industry. It is one of the most accurate and simple equations. The PR-EOS equations 

is expressed as shown in equation (2.12) [13], [14]. 

      bVbbVV

a

bV

RT
P

mmmm 



  (2.12) 

Where  
ci

ci
ii P

TR
a

22

045724.0  

ci

ci
i P

RT
b 07780.0  

  22
1

11 riii Tm   

226992.054226.137464.0 iiim    

i represents the acentric factor, Tci Pci are the critical temperature and pressure, and Tri is the 

reduced pressure.  

The following pieces of equipment are used in the process simulation: 

- An equilibrium reactor (RWGS reactor) was selected to model the RWGS reaction 

including the possible parallel reactions such as methanation reaction. The equilibrium 

constant is calculated from Gibbs free energy. 

- A cooler and separator, to condense and remove the water produced. Water will be recycled 

to an electrolyser to produce hydrogen needed for the reaction. 
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Figure 2-5.  HYSYS simulation flowsheet of RWGS.  

- A splitter which represents the pressure swing adsorption (PSA) or membrane separator to 

separate CO2 from CO. The CO2 or both CO2 and H2 are recycled back to the reactor to 

increase the CO2 conversion while the produced CO is fed to the Fischer Tropsch process 

or another process for fuel/chemical production. 

- A heater to heat the inlet reactants to a specified temperature before entering the reactor. 

- A heat recovery system, which represents a heat exchanger where the hot products stream 

preheats the reactants stream.  

2.5 Simulation results and discussion 

2.5.1 Effect of temperature and pressure 

RWGS is an endothermic reaction and therefore, high CO2 conversion is favored at high 

temperatures. Figure 2-6 represents the equilibrium composition of RWGS with methanation 

reaction products at atmospheric pressure and inlet feed ratio of H2 to CO2 of 2 (H2/CO2=2).  At 

low temperatures, the exothermic methanation reaction is thermodynamically favored. Almost all 

the hydrogen is used to produce methane and water with little CO formation. As the temperature 

increases above 700 °C, the methanation reaction is supressed, and RWGS is dominant with CO 

and H2O are the main products.  

As we increase the reaction pressure, the CO2 equilibrium conversion does not change for RWGS, 

due to the stoichiometry of the reaction (number of moles of the products are the same as the 
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number of moles of the reactants). This result was expected from Le Chatelier principle. However, 

the methane formation does increase as pressure increases as shown from the CH4 yield 

calculations shown in Figure 2-7.  

 

Figure 2-6.  Equilibrium composition of RWGS with parallel methanation reaction at 1 atm for a 
feed ratio of H2/CO2 =2 
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Figure 2-7.  Methane yield from CO2 methanation reaction at different pressures and temperatures 
with inlet feed ratio of H2/CO2 =2. 

2.5.2 Effect of H2/CO2 feed ratio  

The conversion of CO2 in RWGS is not a complete conversion even at higher temperatures. At 

700 °C, the CO2 equilibrium conversion is only 34% with equimolar inlet of CO2 and H2. To 

enhance the CO2 conversion and shift the equilibrium to the right, an excess feed ratio of H2 to 

CO2 is used [15], [16]. HYSYS simulation results shown in Figure 2-8 for H2/CO2 ratio varying 

from 1 to 6 illustrate how CO2 conversion increases with high H2 in the feed. The excess H2 in the 

reactor led to almost complete consumption of CO2. The unreacted H2 can be separated and 

recycled back to the reactor to increase the overall conversion of the process. The drawbacks of 

higher H2/CO2 feed ratio is the occurrence of Sabatier parallel reaction, which will produce more 

methane at lower temperatures.  

To drive the RWGS reaction to the right, Zurbrin et al.[17] suggested feeding the reactor with an 

excess feed of CO2 to complete consumption of H2, then separating and recycling  the unreacted 

CO2, besides excess use of H2,. They also suggested removing water vapor from the reactor to 

drive the equilibrium towards the CO production. 
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Figure 2-8. Equilibrium CO2 conversion at 1 atm. for different temperatures and feed ratios of H2 
to CO2 (R=H2/CO2). 

 

2.5.3 Effect of CO2 and H2 recycling 

To increase the CO2 conversion, the unreacted CO2 can be separated from CO and H2 using one 

of the well-known separation processes. The pressure swing adsorption is one the most promising 

technology used for gas separation due to its simplicity and low energy requirements [18], [19]. 

The CO2 or CO2 and H2 can then be recycled back to the reactor. Figure 2-9 and Figure 2-10 

demonstrate the effects of recycling CO2 and H2 on the overall CO2 conversion at different H2/CO2 

feed ratios at a temperature of 700 °C at atmospheric pressure. From these figures we can see that 

higher conversion is achieved as the recycle ratio of CO2 or CO2 and H2 increases. Recycling both 

CO2 and H2 has better impact on CO2 conversion, this result is expected since the ratio of H2 at the 

inlet will increase when H2 and CO2 are both recycled back in comparison to only recycling CO2. 

Overloading the RWGS reactor with an excess feed of H2 or CO2 or both will shift the reaction 

more to the right, thus resulting at higher CO2 conversions as can be seen from the simulation 

results. 
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Figure 2-9. CO2 conversion [%] at different CO2 and H2 recycle ratios for different inlet feed 
(R=H2/CO2) ratios. 

Figure 2-10. CO2 conversion [%] at different CO2 recycle ratios for different inlet                                                                                    
feed ratios (R = H2/CO2). 
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2.6 Conclusions 

HYSYS simulation results demonstrated that RWGS is favored at high temperatures, with a feed 

ratio of hydrogen to CO2 higher than the stoichiometric value of 1. At 700 °C, the equilibrium 

conversion is about 34% for a feed ratio of H2 to CO2 of 1. With a feed ratio of 2, the equilibrium 

conversion increases to 46%. Increasing the temperature has also the advantage of supressing the 

parallel Sabatier and methanation reactions which occur at lower temperatures. Increasing the 

pressure does not have any effect on RWGS as was expected, however this will favour the methane 

formation and would increase the cost related to compression and implementation of high-pressure 

equipment. To improve the overall CO2 conversion, the unreacted CO2 and H2 can be recovered 

through a separation process and recycled back to the reactor. Pressure swing adsorption with 

selection of appropriate porous materials could be an efficient method for CO or CO2 separation. 

Membrane separation is also a new emerging technology that can be investigated and applied in 

this process.  

2.7  Abbreviations 

CCS Carbon capture and storage 

EOS Equation of state 

HYSYS Simulation software 

FT Fisher Tropsch 

PSA Pressure swing adsorption 

NOAA National Oceanic and Atmospheric Administration 

RWGS Reverse water gas shift  

 

2.8 Nomenclature 

CO Carbon monoxide 

CO2 Carbone dioxide 

H2 Hydrogen 

H2O Water 
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Kp Equilibrium constant 

Pc Critical pressure 

R Universal gas constant 

Tc Critical temperature 

Tr Reduced pressure 

Vm Molar volume 

i  
acentric factor 
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: Literature Review 

3.1  Abstract 

Carbon monoxide (CO) separation and purification is a significantly important process in chemical 

industry. The development of efficient and most economic process for its recovery is crucial for 

its application in industry. There has been various developed technologies implemented in large 

scale for CO separation from streams containing different gas mixtures. This paper provide a 

review of the main processes used for carbon monoxide (CO) separation from different gas mixture 

streams, along with  their advantages and disadvantages and different CO production technologies 

that are mostly employed in industry. The focus of this review is on CO separation and purification 

by adsorption process using different common porous materials such as activated carbons, zeolites 

and metal organic framework materials as potential adsorbents. Moreover, surface modification of 

porous materials through introduction of metal salts to improve CO adsorption selectivity and 

capacity has been investigated. Details of π-complexing adsorbents and different methods of metal 

ions dispersion are discussed along with a summary of literature results on CO and CO2 adsorption 

and selectivity in modified and non-modified adsorbents. Best adsorbent for CO purification are 

highlighted and further challenges and improvement opportunities are discussed.  

 

3.2 Introduction 

Carbon monoxide is an important building block material in C1 chemistry processes [1]. It has 

been used to produce a wild variety of chemicals and fuels such as formic acid, acetic acid, 

phosgene, esters, [2], [3]. Liquid hydrocarbon productions via CO hydrogenation in Fischer-

Tropsch synthesis is another important route of CO application. CO is produced from various 

processes. The most common one is steam methane reforming where CO is produced together with 

hydrogen to form syngas. Partial oxidation of hydrocarbons and auto-thermal reforming are two 

other industrial processes used for syngas production. Moreover, CO is produced as off-gas from 

different industrial processes such as steel and metallurgical industry, carbon black manufacturing, 

and ceramic industry[4], [6] [7][8]. In these streams, CO is mixed with other components including 

CO2, H2O, N2, CH4 and other gases. Therefore, the removal of impurities and CO purification is 



 
 
 

26

necessary to obtain CO with desired purity permitting its effective use in chemical industries. The 

CO recovery from off gas streams is another economic source of CO which can be turned into 

other value added chemicals while contributing to greenhouse gas mitigation given that no 

additional CO2 emitted for CO production. Furthermore, the existence of trace amount of CO can 

poison the catalyst in hydrogen proton–exchange membrane fuel cells [9] [10], [11]. Moreover, 

CO is a very toxic gas for human beings and can cause serious tissue damage when breathed even 

at low concentrations. Therefore, selective CO capture from air where CO may exist is imperative. 

There are several industrial approaches for CO separation and purification. Some processes are 

well developed and used at industrial scale. The most proven technologies are cryogenic 

distillation, absorption using liquid solvents and adsorption. The choice of suitable separation 

process depends on several factors. Feed gas conditions, the desired product purity, gas mixture 

composition, energy and operating cost are some examples. For instance, the purification of CO 

from a gas mixture containing high concentration of N2 is not possible using cryogenic distillation. 

Both CO and N2 have similar boiling points, hence their separation necessitate using other 

separation technologies than cryogenic distillation. 

Adsorption separation is an emerging technology for CO purification. There has been considerable 

research work on development of adsorbents materials for CO purification. The most studied ones 

are activated carbons, zeolites and metal organic frameworks (MOFs). These porous solid 

adsorbents display high surface area and porosity required for high adsorption capacity. However, 

CO adsorption capacity is not sufficient enough for selective adsorption of CO from a gas mixture. 

To overcome this, adsorbents’ modification with incorporation of transition metal ions had proved 

to improve the CO adsorption and selectivity. Active metal ions such as Cu (I), Ag (I), Pd (II) and 

others are dispersed on the pores of the support material to form adsorbent materials that are more 

selective to CO. The CO molecules bonds to the metal ions through π- complexation bonds. These 

bonds are known to be stronger than van Der Waals forces, thus high CO adsorption capacity and 

selectivity are achieved. Furthermore, the interaction between CO and metal ions can be broken 

by simple change in operating pressure or temperature for adsorbent regeneration.    
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In this review, a detailed study of recent research work on adsorbent modification using different 

adsorbent materials and metal dispersion methods is detailed along with a summary of adsorbent 

performances for CO and carbon dioxide (CO2) separation. 

 

3.3 CO Production 

Carbon monoxide is mainly formed as a product of incomplete combustion of carbon containing 

compounds such as petroleum fuels and biomass. The formed mixture of CO and H2 is called 

synthetic gas, which is also known as syngas. In addition, other impurities are also produced 

including steam, CO2, N2, CH4 and others. Syngas is produced from various processes. If the 

carbon feedstock used is natural gas, the process is then called reforming [12] including, steam 

methane reforming (SMR), auto thermal reforming (ATR), partial oxidation (POX), and others. 

Figure 3-1 illustrates different reforming methods with purification and some CO utilization 

pathways [12]. The most common industrial technologies are listed in the following paragraphs. 

3.3.1 Steam Methane Reforming (SMR) 

Steam methane reforming is a mature technology where methane from natural gas reacts with 

steam to form carbon monoxide and hydrogen (reaction 3.1). The reaction is endothermic, so high 

operating temperature is required (up to 850 °C) for the reaction to proceed and obtain the desirable 

conversion [13]. Subsequently, the water-gas shift reaction (WGS) shown in equation 3.2 follows 

to produce more hydrogen  in the presence of metal catalyst [13] inside a multi-tubular fixed-bed 

reactors. The two mentioned reactions are thermodynamically equilibrium limited. To overcome 

this limitation, research is been conducted to deploy catalytic membrane reactors [14]. 

 𝐶𝐻ସ + 𝐻ଶ𝑂 ↔  𝐶𝑂 + 3𝐻ଶ        ∆𝐻ଶଽ଼ = 206
௞௃

௠௢௟
 (3.1) 

 𝐶𝑂 + 𝐻ଶ𝑂 ↔  𝐶𝑂ଶ + 𝐻ଶ         ∆𝐻ଶଽ଼ = −41 
௞௃

௠௢௟
 (3.2) 

 𝐶𝐻ସ + 2𝐻ଶ𝑂 ↔  𝐶𝑂ଶ + 4𝐻ଶ       ∆𝐻ଶଽ଼ = 165
௞௃

௠௢௟
  (3.3) 
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3.3.2  Partial Oxidation (POX) 

In this process, syngas is produced from hydrocarbon feedstock such as methane via partial 

oxidation with limited amount of oxygen (O2) over a catalyst and mainly CO and H2 are produced 

(equation 3.4). N2 is also produced if air is used instead of pure oxygen. Similar to SMR process, 

the water-gas shift reaction follows to produce more H2.  

The POX is an exothermic reaction, thus it is less energy intensive compared to SMR process [15]. 

The methane conversion is over 90% per pass, with high selectivity to carbon monoxide [16], [17]  

 𝐶𝐻ସ +
ଵ

ଶ
 𝑂ଶ ↔  𝐶𝑂 + 2𝐻ଶ        ∆𝐻ଶଽ଼ = −36

௞௃

௠௢௟
  (3.4) 

 

3.3.3  Auto-thermal Reforming (ATR) 

This process was developed in late 1950’s by Haldor Topsoe for ammonia and methanol synthesis 

[18]. It is a combination of steam reforming reaction and partial oxidation process in a single 

reactor. The heat generated from the exothermic partial oxidation is used to provide energy needed 

by the steam reforming reaction. Therefore, the overall process is adiabatic [19], no external input 

of energy is required to complete the process [20], [21]. 

The main advantage of ATR is in its compact design as the reactions happen in a single compact 

vessel reducing capital and operating cost in addition to a reduced amount of energy required when 

compared to the aforementioned processes.  
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Figure 3-1. Synthesis gas production, separation and CO utilization [12] 

 

3.4 CO gas separation 

Gas separation plays an important role in industrial applications. It account for 40-60% of capital 

and operating cost [52]. Most chemical products go through separation and purification steps after 

their synthesis. Therefore, the development of an efficient and cost effective separation technology 

is necessary. For CO separation from gaseous mixtures, different separation processes are 

employed in industry. In the following sections, a review of the most commonly used technologies 

employed for CO purification are summarized. 

3.4.1 Cryogenic distillation 

Cryogenic distillation is a mature technology with widespread applications in industry. It involves 

cooling a gas mixture to create a phase change of different gas components, then follows with 

separation based on different boiling points and volatilities of the components [22]. This 

technology is the oldest separation method used for CO/H2 separation in syngas [1]. 
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To separate CO from H2 in syngas using cryogenic distillation, two main processes are involved: 

partial condensation and methane wash [1]. Selecting one process among the other depends on 

different specifications, including the syngas quality, CO/H2 ratio, methane concentration, purity 

level required and the feed gas pressure. For both processes, H2O and CO2 are removed first 

through compression and drying before applying a cryogenic temperature. In the partial 

condensation process, the syngas is liquefied in many cooling steps to liquefy both CO and CH4,  

and obtain a high purity H2 (98%) [1]. The CO, CH4 and H2 are flashed and distilled to produce 

high purity gas of CO. In the methane wash process, liquid methane is used to absorb CO gas 

producing high purity hydrogen gas. The CO and CH4 are separated in a splitter to achieve high 

CO purity. The methane wash cycle is more suitable if the feed gas is at low pressure, with low 

H2/CO ratio and if high H2 gas purity is required.  

Cryogenic distillation is mostly used for large scale separations. The technology drawback is the 

intensive energy demand with expensive operating cost [23], [24]. If N2 exist in the gas mixture, 

cryogenic separation becomes less efficient and very difficult as N2 and CO have similar boiling 

points which are -195.79 °C and -191.5 °C respectively. 

3.4.2 COSORB Process  

COSORB process was developed and commercialized by Tenneco in 1976  [25][26] to selectively 

recover high purity CO from a gaseous mixture. The process is based on CO complexation and de-

complexation with a solvent of cuprous aluminum chloride (CuAlCl4) dissolved in an aromatic 

hydrocarbon solvent such as toluene or benzene. CO molecules react with Cu (I) ions in Cosorb 

solution. The CO rich solvent is then heated in a stripper to remove the aromatic solvent and 

recover high purity CO. The COSORB process diagram as was developed by Kinetics Technology 

International (KTI) is presented in Figure 3-2. [25] 

Prior to CO purification in COSORB, a pre-treatment of the feed gas is required to remove the  

existing H2O, NH3, H2S, SO2 and oxides as they react with CuAlCl4 complex [1].  

To overcome some encountered problems, KTI, the COSORB technology owner and licensor 

upgraded the process to COSORB IITM. The process upgrading included the implementation of 
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more extensive pre-treatment to remove undesirable components and effective management of 

solid waste build up generated from the undesirable side reactions.   

COPureSM 
 process was developed by R.C. Costello & Associates [27]  as the latest innovation of 

absorption process developed  to improve COSORB II, with additional gas pre-treatment and 

waste management. 

COSORB process has the advantage of producing high purity CO (99%). In case of N2 rich gas 

mixture, COSORB is more advantageous compared to the cryogenic process. The drawbacks of 

COSORB process is related to solvent  stability and degradation, reactivity of CuAlCl4 with 

impurities such as H2O and H2S [24], in addition to Cu(I) ions’ instability, which reacts to form 

C(II) or Cu element. 

 

Figure 3-2. COSORB process diagram [25] 
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3.4.3 Ionic Liquids 

The interest on ionic liquids (ILs) as solvent for CO recovery as an alternative clean solvent emerge 

on their physical and chemical properties. ILs are non volatile with low vapor pressure, high 

thermal and chemical stability, in addition to their tunable characteristic[28]. Therefore, ILs were 

implemented in different industrial applications [29]. e.g. electrolyte [30] and biomass processing 

[31]. Ionic liquid can be modified by incorporation of functional groups to the structure, thus 

providing better performance with specific selectivity and affinity to certain components. In the 

case of CO recovery, the CO ability to form π complexation with metal ions in ionic liquids make 

them very attractive solvents. Different Ils were investigated in literature for CO separation from 

gaseous mixtures. For example Zarca et al. [32] studied the mass transfer rate of CO into 1-hexyl-

3-methylimidazolium chlorocuprate (I) ionic liquid. Other researches studied CO adsorption in 

different IL’s, e.g. CO and H2 in 1-n-butyl-3-methylimidazolium methyl sulfate 

([bmim][CH3SO4]) [33], CO and CO2 in 1-hexyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ([hmim][Tf2N]) [34], and others [35], [36]. 

Lower volatility, better thermal stability, less degradation, low corrosive nature and low energy 

and costs needed for regeneration are the advantages of ILs that make the private sector and 

government want further investigation into these new solvents.  

 

3.4.4 Membrane Separation 

Membrane separation is an emerging and very promising technology for CO purification. The 

separation is based on difference in permeability of different components of a mixture under a 

given driving force e.g. difference in pressure, concentration or electric potential. 

The technology is advantageous over the traditional separation processes due to process simplicity 

and effectiveness with competitive cost [1], [37]–[39] Nevertheless, most applications involving 

CO separation by membrane are applied in H2 purification from CO or for adjusting H2/CO ratio 

in syngas [40] and studies on CO purification using membranes are uncommon in literature [41]. 

During the past decades, several papers were published regarding H2/CO separation, including the 

use of polyamide composite membranes [42], [43], matrimid  membranes [44], [45] and hollow 
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fiber membranes [46], [47]. The CO purification by membranes is still in its early stage and further 

research is required for material development and testing. 

Supported liquid membrane [48] is an alternative approach that is been investigated for CO 

purification. Supported ionic liquid membranes (SILMs) where ionic liquid is immobilized within 

the pores of the support membrane are reported in literature for CO separation.  David et al. [4] 

study focused on the CO adsorption on 1-hexyl-3-methyl-imidazolium chlorocuprate prepared 

from copper (I) chloride (CuCl) mixed with 1-hexyl-3-methylimidazolium chloride ([hmim][Cl]). 

It was observed that the CO adsorption capacity improved after addition of CuCl to [hmim][Cl] 

solvent due to π complexation between CO with Cu (I) ions. The complexation reaction mostly 

took place at pressure range up to to 10 bar and almost complete at 20 bar. The highest ideal 

separation factor for CO over N2 was 24. Zarka et al. [49], [50] also looked at CO/N2 separation 

by poly(ionic liquid)-ionic liquid composite membranes and  [hmim][Cl] SILM with incorporation 

of copper salt. A new study by Feng et al. [51] studied 1-ethyl-3-methylimidazolium 

tetrafluoroborate ([emim][BF4] ) SILM with  AgBF 4 for CO/N2 separation. AgBF4 is introduced 

to form π complex with CO molecules and therefore improved the CO/N2 selectivity. Similar to 

solid membranes, liquid membrane study results are promising but their application in higher scale 

is not been considered as the technology readiness is still in development stage. 

3.5 Adsorption Separation 

Adsorption separation process is a well-established technology for gas separation and purification. 

It has low energy consumption, low operating cost [52] and environmentally it is considered safer 

and cleaner when compared to other separation processes. The major contributor for accelerating 

the development of adsorption processes is the development of innovative porous materials for 

various applications. The selection of the appropriate material depends on the application, 

including gas composition, operating conditions, degree of selectivity and separation factor. For 

example, the separation of CO from syngas requires adsorbents that preferentially have large 

adsorption capacity for CO with high CO/H2 selectivity. To maximize the adsorption capacity, the 

solid sorbent must have a high porosity, which is considered as the most important characteristic 

of the adsorbent materials [53]. It is represented by large specific surface area. Other physical 

characteristics of adsorbents include pore size distribution, pore volume and thermal stability. The 

growth of gas adsorption processes in industry resulted on development of new sustainable porous 
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materials for gas separation. Common materials include, activated carbons [54], zeolites [55], 

alumina silica and metal organic frameworks (MOFs) [56] 

For CO purification, most of the commercially available adsorbent exhibit low adsorption capacity 

and selectivity toward CO, therefore, further chemical modification is required to improve the CO 

uptake and enhance the selectivity toward CO. The most prominent technique used is the 

incorporation of metallic salt to the adsorbent through different dispersion methods. The common 

metal salt is copper chloride (CuCl) where CO form a π complexation bond with Cu (I) ions. The 

π complexation between CO and Cu (I) ions is stronger than Van der Waals forces, but the bonds 

are weak, therefore a simple engineering process is used for adsorbent regeneration. 

3.6 Adsorbent modification methods 

π complexation adsorbents have had great attention for CO separation.  The π complexation bond 

formed between metal ions and CO molecules is strong leading to high CO adsorption capacity 

and selectivity. In literature, different approaches were developed to modify the porous materials 

by incorporation of metallic salts into the pores of the porous support.  The most common 

techniques include monolayer or sub-monolayer dispersion method, also called facile dispersion 

method and ion exchange method.  

3.6.1 π‐Complexation Sorbents  

The interaction between the adsorbent and the adsorbate depends on the characteristics of the 

adsorbents and/or the adsorbates. The most known interaction include the electrostatic interaction 

e.g. van der Waals forces, acid-base interaction,  hydrogen bonding, π- π interaction, and π 

complexation etc. [57]. π complexation interaction occurs between some metal cations and π 

electron clouds of the chemicals [58]. The d-block transition metals (27 elements) [59] and their 

ions from a σ bonds with a gas or solute molecule. Moreover, the d atomic orbital of the metal 

back-donate electron to the vacant π* anti-bonding orbitals of the adsorbate molecule. The π 

complexation interaction draw more attention in adsorption/separation process compared to other 

interactions; the bonds formed between the adsorbent and adsorbate is stronger than Van Der 

Waals force thus more effective [57], with higher adsorption selectivity and higher adsorption 

capacity [60].  Furthermore, the binding force is not strong as in chemisorption. It is weak enough 
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thus a simple change in pressure or temperature can lead to adsorbent regeneration so that applying 

pressure swing adsorption (PSA) or temperature swing adsorption (TSA) is suitable. 

π complexing adsorbents were developed using various porous materials as support, preferably the 

ones with large surface area, such as activated carbons, zeolites, MOFs, mesoporous materials 

incorporated with transition metal ions. They were successfully used in various gas 

separation/purification applications including olefin/paraffin separations and removal of sulfur and 

nitrogen compounds using different metal ions such as  Cu(I), Ag(I), Pd(II) and Ni(II) [57], with 

Cu(I) ions are the most common one. The efficiency of π complexation sorbents depends on 

different factors, including the amount of the π electrons of the adsorbate and the ability of these 

π electrons to be donated to the vacant s-orbital of the cation, the amount of d-orbital electron of 

the metal ion and their capability to be donated to the adsorbate molecules and the emptiness of 

the outermost s- orbital of the metal cation [59] 

The incorporation of metal ions into the porous support materials is performed by means of 

different techniques as shown in Figure 3-3. Monolayer dispersion and ion exchange are the main 

methods used.  A brief description of each method is discussed in the following paragraphs. 
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Figure 3-3. Different methods for porous material modification for π-complexing adsorbents 

 

3.6.2  Monolayer dispersion 

The principle of monolayer dispersion involves spontaneous dispersion of active components into 

the surface of a porous support material in a monolayer or sub-monolayer form. The method has 

been used for the preparation and design of heterogeneous catalyst [61] as well as in adsorbent 

modifications and material science. Monolayer dispersion has widespread application in sorbents 

development for separation and purification of different adsorbates. Dai and co-workers [62] 

studied the adsorption of dibenzothiophene (DBT) from n-octane using a modified MOF-5 

material by addition of CuCl through a spontaneous monolayer dispersion. For selective olefin 

/paraffin separation, a number of studies used π-complexation sorbents by monolayer dispersion 

[63]–[65]; For CO separation, monolayer dispersion was extensively employed to improve CO 

adsorption capacity and selectivity over other adsorbates.  Summary of some studies from 

literature are presented in Tables 3-1, 3-2 and 3-3 for different adsorbents.  
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The first evidence of monolayer dispersion was achieved by Russell and Stokes (1946) using 

MoO3 on γ -Al2O3 [59]. Xie and Tang [66], [67] did an extensive research on the subject, and had 

demonstrated the effectiveness of the methodology in various support materials including activated 

carbons, zeolites, silica gel and γ -Al2O3 [59]. To demonstrate the monolayer dispersion, different 

analytical techniques were employed, the most used one is X-Ray Powder Diffraction (XRD), and 

other analysis techniques include Extended X-ray absorption fine structure (EXAFS), X-ray 

photoelectron spectroscopy (XPS) and Transmission Electron Microscopy (TEM). 

There are two approaches for the preparation of monolayer dispersion sorbents, the thermal 

monolayer dispersion and incipient wetness impregnation  [59]. In thermal monolayer dispersion, 

the porous material in powder form is well mixed with a known amount of metal salt or oxide 

permitting monolayer surface coverage of the support material, before heating it at a temperature 

between Tamman temperature and melting point of the salt. The incipient wetness impregnation 

is the most common technique used in industry for synthesis of heterogeneous catalyst. In this 

method, the metal salt precursor is dissolved in an aqueous solution before adding the support 

substrate where the solution permeate into the pores[68]. Different solvents can be used such as 

hydrochloric acid, acetonitrile, toluene and water if the salt is soluble in water. The product is dried 

to remove the liquid solvent, calcined and further treated through activation treatments.  

The thermal monolayer dispersion seems to be an easy method for π sorbents preparation, but its 

application is still in laboratory scale. On the other side, the incipient wetness impregnation is the 

most applied technique in industry. 

3.6.3  Ion exchange 

Ion exchange capability is an important property of most zeolites and some polymeric resins. It 

has been widely employed in adsorption process for tailoring the material structure to reach 

specific performance such as selectivity and adsorption capacity. The introduction of metal ions 

into zeolite and resins through ion exchange has been well studied in literature [69], [70]. 

For zeolites, the ion exchange occurs between the cation from the porous zeolite and the ions of 

aqueous solution as shown in reaction (3.5) considering a uni-univalent ion exchange [59]  

A+S  + B+Z ↔A+Z  + B+S                                                                 (3.5) 
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with S, Z denote the solution and zeolite, respectively. A and B are cations.  

For CO adsorption, Cu(I) ions incorporation into zeolite materials through ion exchange to form π 

complexation bond with CO molecules were well studied in literature and had achieved much 

better results than other metallic ions.  Cu (I) is insoluble in the water and get oxidized to cupric 

compounds in solution. Thus the ion exchange with Cu (I) ions is performed with Cu (II) ions 

followed by its reduction to Cu (I) under specific conditions. Cu (I) is either reduced under high 

temperature using a reducing gas such as CO or H2 [71] or through another auto-reduction where 

an inert gas is employed. 

3.7 Porous adsorbents 

As it was mentioned above, the challenge with CO adsorption and separation is finding sorbents 

materials with high affinity and selectivity toward CO. To achieve that, sorbent modification 

through incorporation of metal site had proved to enhance the modified sorbent’s affinity and reach 

higher adsorption capacity and selectivity toward CO. In this review, we will focus on three main 

adsorbents studied in literature, with a summary of each adsorbent performance presented in tables 

3-1, 3-2 and 3-3 grouped by adsorbent type.  

3.7.1 Activated carbons  

Activated carbon is one of the oldest adsorbents widely used in industry. It is characterized by its 

low cost, large surface area, good stability and low energy required for regeneration. Many 

researches have accomplished CO purification by using either a commercialized activated carbon 

or a modified one by introduction of metallic salts to improve CO adsorption and selectivity. Cu 

(I) ions were more commonly applied compared to other metallic ions due to its low cost and 

abundancy [3], [72]. Ag(I) and Pd(II) are among other metallic ions used to form π complexes 

with the CO molecules. Cu(I) is either obtained from Cu(I) containing salts such as CuCl, CuBr, 

CuF and CuI or from the reduction of Cu(II) containing salts (e.g.CuCl2  or a mixture of Cu(II) 

salts such as CuCl (II) and Cu(HCOO)2. Cu(II) salt is first dispersed through auto-dispersion 

technique or wetness impregnation followed by reduction into Cu(I) at high temperature. The use 

of Cu(II) has the advantage of being more stable compared to Cu(I) which oxidize quickly when 

exposed to air. Furthermore, CuCl(II) salts are less expensive.     
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Several Cu (I) based activated carbon adsorbents are studied for CO/CO2 separation as summarized 

in Table 3-1. The studies focussed on improving CO adsorption capacity and selectivity by 

incorporation of transition metals and studying different factor that impact it, such as type of 

metallic ions, ion reduction conditions, the amount of metallic ion loaded to achieve optimum 

loading value. Hirai et al. [68], [73]–[76] tried incorporation of three different copper (I) halides 

on activated carbon; CuCl, CuBr and CuI. The capacity of CO adsorbed was in the following order 

CuCl>CuBr>CuI. Their work also investigated different solvents for copper impregnation. The 

activated carbon impregnated with CuCl using aqueous hydrochloric acid solution displayed larger 

CO adsorption capacity compared to using water, acetonitrile, and toluene.   

Xue et al. [77] also looked at CO/CO2 separation using Cu-based activate carbon. An equimolar 

mixture of CuCl2 and Cu (HCOO)2  was used for adsorbent modification through auto-dispersion 

method and heating under vacuum for copper (II) reduction to copper (I). The results showed an 

improved CO adsorption capacity and CO/CO2 selectivity of 2.6 for Cu-based adsorbents with 

optimum CO uptake of 4 mmol/g. 

Overall, the results from literature showed an improved uptake and affinity of CO compared to 

CO2 and other gases in a modified activated carbon. For CO adsorption kinetics, there is not much 

data presented in literature except very few ones. The summary of results from literature studies 

are presented in Table 3-1.
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Table 3-1.  Summary of CO and CO2 adsorption data on activated carbon in the literature.   

Adsorbents Loading method T  P 
Adsorption 
capacity  

CO/CO2 
selectivity 

BET surface 
area 

Refs 
 

Metallic salt Support   K kPa mmol/g  m²/g   

     CO CO2     

CuCl2+Cu(CH3COO)2 AC Impregnation 298 100 1.6    [78]  

CuCl AC Impregnation 298 100 2.3 2.02 1.13 652 [78]  

 AC  298 100 0.2   1170 [78]  

CuCl AC Impregnation using HCl 323  1.24    [79]  

CuBr AC Impregnation using HCl 323 100 0.49    [79]  

PdCl2 AC Impregnation using HCl 323 100 2.03    [79]  

 AC  303  0.25   1784 [80]  

CuCl2 AC Solid state dispersion 303 100 2.95 0.47 6.28 478 [80]  

CuCl AC Solid-state auto   dispersion  298 100 2.3   472 [81]  

CuCl AC Impregnation using HCl 293 100 1.24   744 [76]  

 AC  293 100 0.33   1044 [76]  

CuBr AC Impregnation  293 100 0.95    [76]  

CuCl AC Impregnation  293 100 0.17    [76]  

 AC  303 100 0.72 2.05 0.35 480.8 [82]  

 AC  303 100 0.45 1.98 0.2 481 [82]  

 BPL 4X10   298 100 0.38 1.8 0.21 859 [83]  
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CuCl2 +Cu(HCOO)2 AC Solid-state auto dispersion  298 100 1.8 25.2 2.6 505 [77]  

 AC  298 100 0.2   1082 [77]  

 
D55/2 C 
PSA  293 700 1.85   765.4 [11]  

CuCl2 AC Solid-state dispersion 303 100 2.5 0.4   [84]  

 AC  303 100 0.7 2 0.35  [82]  

 AC  298 100 0.45   1400 [81]  

CuCl AC Solid-state auto dispersion    2.3   472 [81]  
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3.7.2 Zeolites 

Zeolite materials are commonly used as selective adsorbents by ion exchange, or as catalysts. For 

adsorption separation systems and gas purification, zeolites are widely used due to their large 

surface area, low cost, ion exchange property employed to tailor the structure and achieve desired 

performances. They are already used in many industrial processes such as water and wastewater 

treatment, as catalysts for chemical reactions such as cracking, isomerisation and hydrocarbon 

synthesis. For adsorption separations, zeolites have been investigated in many processes such as 

CO2 separation [85], [86] and air separation [87]. 

For CO purification, zeolite sorbents can selectively adsorb CO from gaseous mixtures through 

two different approaches; the ion exchange, an intrinsic property of zeolite [88] or by incorporation 

of metallic salts through auto dispersion or impregnation method to improve CO uptake as 

described before. Sethia et al. [89] study focused on zeolite-X exchanged with alkaline earth metal 

ions; magnesium (Mg2+), calcium (Ca2+), strontium (Sr2+) and barium  (Ba2+) cations. The results 

showed an increase in CO adsorption in the following order Sr_NaX.> Ca_NaX> Ba_NaX> NaX> 

Mg_NaX. The Mg-exchanged zeolite showed lower CO adsorption due to Mg2+ migration inside 

β-cages to minimize energy and therefore blocking interaction with CO molecules. The increase 

in CO adsorption in Ca2+, Sr2+ and Ba2+ was explained by high charge density of the cations. Alkali 

ion metal exchanged zeolite showed also an improvement in CO adsorption compared to the 

original zeolite [90], [91]. Furthermore, the highest CO adsorption capacity was observed in 

lithium-exchanged zeolite-X due to strong electrostatic interaction between smaller Li cation and 

CO molecules. The CO uptake decreased moving from lithium ions toward heavier metal as the 

cation radius increases. Gao et al.[92] used monolayer dispersion method for CuCl2 incorporation 

in zeolite Y with CuCl2 reduction to CuCl at high temperature under CO and N2 atmosphere. The 

activation under CO is more effective than that in N2 environment due to incomplete reduction of 

Cu2+ to Cu+ in N2 environment [93]. Xie et al. [66], [94] studied CO/CO2 separation using CuCl 

as a precursor in zeolite with monolayer dispersion method. A summary of other studies is 

summarized in Table 3-2.  
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Table 3-2.  Summary of CO and CO2 adsorption data on zeolites in the literature. 

Adsorbents 
loading  
method 

T P 
Adsoption 
capacity 

 
CO/CO2 
 Selectivity 

BET surface 
area 

Refs 
 

Metallic salt Support  K kPa mmol/g  m2/g   

     CO CO2     

 zeolite 5A  298 100 1.2    [95]  

 zeolite 13X  298 100 0.5    [95]  

CuCl NaY 
monolayer 
dispersion 

303 700 2.4 1.3 
1.84 

 
[94]  

 NaY  303 700 0.5 3.27   [94]  

CuCl 13X 
monolayer 
dispersion 

303 700 2.2 1.39 
 

 
[94]  

 13X  303 700 0.5 2.8   [94]  

 13X  298 100 0.7 4 0.175 392 [83]  

 Zeolite A  293 700 2.5   670 [11]  

 Zeolite B  293 700 2.75   670 [11]  

 
KÖSTROLITH 
5ABF 

 293 700 2.75  
 

680 
[11]  

 Li-SSZ-13  298 100 0.28 2.53 0.11  [91]  

 Na-SSZ-13  298 100 0.36 2.93 0.12  [91]  

 K-SSZ-13  298 100 0.2 1.57 0.07  [91]  

 Cs-SSZ-13  298 100 0.25 2.27 0.11  [91]  
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 zeolite  303 100 0.9 3.84  434 [96]  

 
Zeolite HY   

monolayer 
dispersion 

303 100 2.67  0.96 
2.83 

329  
[80]  

 Zeolite Y  303 100 0.23   694  [80]  

 ZSM-5  303 1000 1 2.1   [97]  

CuCl2 + Cu(HCOO)2 zeolite Y impregnation   2.2    [78]  

 Na zeolite X  303 100 1.11   721 [90]  

 Li zeolite X  303 100 1.42   759 [90]  

 K zeolite X  303 100 0.61   537 [90]  

 Rb zeolite X  303 100 0.43   550 [90]  

 Cs zeolite X  303 100 0.37   423 [90]  

 Mg(70)NaX  303 100 0.8   711 [89]  

 Ca(95)NaX    1.91   704 [89]  

 Sr(95)NaX    1.9   622 [89]  

 Ba(85)NaX    1.26   565 [89]  
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In general, zeolites with ion exchange or modified with metal salts exhibited larger CO uptakes 

compared to results obtained with activated carbon as shown from the data in Tables 3-1 and 3-2. 

3.7.3 Metal Organic Frameworks 

Metal organic frameworks (MOFs) have generated great interest as emerging materials for gas and 

vapor sorption. Since their first development, a lot have been synthesised as seen in Figure 3-4 

[98]. 

MOFs consist of inorganic metal ions coordinated to organic linker molecules to form a repeating 

cage-like networked structure. In contrast to other porous materials, MOFs exhibit unique 

structural diversity, uniform pore structure, tunable pore size, flexibility in design, dimension and 

chemical functionality in addition to their very high surface area. These unique  properties made 

these materials very promising for gas storage, separation, and purification [56], [99], [100].  

MOF materials were investigated [101] for various separations, including carbon dioxide capture 

[102]–[105], separation of alkanes [106] and, olefin/paraffin separation [107]. They have been the 

subject of many research studies for CO purification from different gas mixtures. Their large 

surface area and tunability feature made them very promising for CO recovery.  

For a number of MOFs containing unsaturated sites, it was reported that these metal sites are able 

to bind with CO molecules, such as in MOF-74, HKUST-1, MIL-1. MIL-100 and DUT-82 [108]. 

Bloch et al. [109] tested six MOF-74 coordinated to unsaturated metals (Mg, Mn, Fe, Co, Ni and 

Zn).  The results showed CO reversibly binding to the unsaturated metal cations coated on the 

surface with the highest CO capacity of 6.04 mmol/h at 1.2 bar for Fe-MOF-74. Iron displays the 

strongest π back-bonding contribution. Another route for CO separation in MOF is via metal 

impregnation or ligand functionalization. For metal impregnation, similar to activated carbon 

material, copper (I) is introduced into the pores of the materials to enhance the interaction with CO 

thus improving the adsorption capacity. As an example, for CO/CO2 separation, Kim et al.[110] 

used MIL-100(Fe) loaded Cu (I) ions into the pores through facile dispersion method without any 

external reducing agent for reduction of Cu (II) to Cu(I) ions. The presence of Fe (II) unsaturated 

sites attributed to Cu (II) reduction was proposed by the following mechanism:  

Fe (II) + Cu (II)Cl  Fe (III)-Cl + Cu(I)Cl                                        3.6 
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Peng et al. [111] tested similar MOF material for CO/N2 gas mixture separation. For copper (II) 

introduction, samples were prepared by wetness impregnation followed by reduction of Cu(II)  to 

Cu(I) under vacuum at elevated temperature. CO uptake and CO/N2 selectivity improved 112 times 

in Cu(I) @MIL-100(Fe) compared to the parent material which is mainly ascribed to strong π 

complexation interaction between the adsorbent and the CO molecules. The other approach 

employed for improving CO adsorption is through ligand modification. Regufe et al. [112] used 

this technique in MIL-125 for syngas purification. The organic ligand was functionalized with 

amino group. The CO2 recovery had improved in PSA system which makes this more suitable for 

syngas purification from CO2 gas. The summary of results from literature is provided in Table 3.3. 

 

Figure 3-4. MOF Cambridge Structural Database entries since 1972 [98]. 
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Table 3.3.  The summary of CO and CO2 adsorption data on MOF materials from literature.   

Adsorbents 
Loading 
method 

T       P 
Adsorption 
capacity   

CO/CO2 
Selectivity 

BET surface 
area 

Refs 
 

Metallic salt/solvent Support  K kPa mmol/g  m2/g   

     CO CO2     

CuCl2 and Cu(HCO2)2) Ni-MOF-74 Impregnation   298 100 3.5  3 1047 [108]  

CuCl2 and Cu(HCO2)2) MIL-100(Fe) 
wetness 
impregnation 

298 100 
2.78  

 762 
[111]  

 MIL-100(Fe)  298 100 0.38   2042 [111]  

 MOF-74-Mg  298 120 4.58    [109]  

 MOF-74-Mn  298 120 3.24    [109]  

 MOF-74-Fe   120 6.04    [109]  

 MOF-74-Co   120 5.95    [109]  

 MOF-74-Ni   120 5.79    [109]  

 MOF-74-Zn   120 1.95    [109]  

 MOF-5  298 100 0.15   2449 [95]  

 MOF-177  298 100 0.03   3275 [95]  

 MIL-101(Cr)(powder)  288 113 1.13 3.8 0.30   [113]  

 MIL-101(Cr)(granule)  288 113 0.66 2.6 0.25   [113]  

 DUT-82  298 100 2.11   780 [114]  

 Cu-BTC (or HKUST-1)  295 100 1.45 26  1663 [115]  
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 Cr-BDC (or MIL-101)  295 100 0.9 32  2674 [115]  

 MIL-101-Cr  298 100 1.01   3788.3 [116]  

Cosorb solution(CuAlCl4) MIL-101-Cr Impregnation  298 100 2.26   2390.7 [116]  

 Cu-BTC (or HKUST-1)  298 100 1.2 4.5 0.27   [117]  

 UTSA-16 extrudates  298 100 0.23 3.3  805 [118]  

 MOF-5  298 100 0.17 0.76 0.22   [119]  

NO2-(OC3H5)2(OC7H7)2 MOF-5 
Incorporation 
of functional 
group 

298 100 0.21 1.6 0.13   
[119]  

CuCl2 and Cu(HCO2)2) MIL-100(Fe) 
wetness 
impregnation 

303 100 
3.52 0.49 

7.2 898 
[120]  

 MIL-53(Al)  303 100 0.18 26.2 0.13 1235 [121]  

 La(BTN)DMF  273 100 0.15 1.3 0.12   [122]  

 Fe-BTTri  298 30 2.9 1.8 1.61  1630 [123]  

 ZIF-100  298 100 0.12 0.88 0.06  [124]  

 ZIF-95  298 100 0.12 0.8 0.09  [124]  

 MAMS-1  113 100 0.6    [125]  
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MOFs have great potential for CO purification and gas separation in general due to their structural 

design, tunability, and extraordinary large surface area. However, there are some barriers that still 

need investigation and improvement. Material stability;  the main shortcoming of MOF materials 

is their chemical and physical stability [126]. Material scale-up is another limitation. Most MOFs 

are synthesised and tested in laboratory scale. They must be tested in larger scales before 

commercialization.  

3.8 Conclusions and Outlook 

Carbon monoxide is produced through various processes, the application of one against the other 

depends on many factors and technology readiness for large scale applications. Cryogenic 

distillation is a mature technology with potential applications in large scale processes. The partial 

condensation cryogenic process is more suitable for syngas with high ratio of CO/H2, high inlet 

pressure and lower H2 product purity. However COSORB process has been more applicable to 

obtain high CO purity and in the absence of gases that may react with the COSORB solvent such 

as H2O, NH3, H2S. Membrane separation is an emerging technology with a lot of potential in the 

future when it is fully developed. On the other hand, adsorption separation is an alternative proven 

technology for CO separation and purification. Various porous materials has been developed and 

studied for CO recovery, including activated carbon, zeolite and metal organic frameworks 

material. However, studies showed that these materials exhibit low selectivity to CO and low 

adsorption capacity compared to other components such as CO2. Therefore these adsorbents’ 

modification with incorporation of metallic salts such as copper (I) chloride has been successfully 

applied. The ion exchange capability in zeolite with metal ions appears to provide better results 

than the Cu-based activated carbon. MOF materials are the most promising adsorbents for CO 

purification ascribed to their tunability and modularity resulting in a wide variety of MOFs. The 

highest CO uptake in MOF-74 was 6.04 mmol/g at 1.2 bar and 298 K in which CO coordinate   to 

the divalent metal cations Fe2+. Furthermore, the choice of suitable material for CO separation 

depend on gas mixture composition, purity required, etc. For instance, for the CO separation from 

CO2 gas mixture, Cu-based boehmite composites provided the highest CO/CO2 selectivity of 12.4  

mmol/g at 100 kPa and 293 K [127].  

Adsorption studies of CO separations using various sorbents had showed promising results. 

However, further investigation and testing of these materials to understand the kinetics, material 
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stability, behaviour in the presence of gaseous mixtures and possibility of upscaling will be the 

next step before taking the adsorption technology for CO purification to larger scale applications. 

3.9 Nomenclature   

AC     Activated carbon 

BET     Brunauer–Emmett–Teller 

DUT     Dresden University of Technology 

EXAFS   Extended X-ray absorption fine structure 

HKUST  Hong Kong University of Science and Technology 

MIL     Matériaux de l′Institut Lavoisier 

MOF     Metal Organic Frameworks 

POX     Partial Oxidation 

SILM     Supported ionic liquid membranes 

SMR     Steam Methane Reforming 

TEM     Transmission Electron Microscopy 

UTSA     University of Texas at San Antonio 

XPS     X-ray photoelectron spectroscopy  

XRD     X-Ray Powder Diffraction 

ZIF     Zeolitic imidazolate frameworks 
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: Selective CO Adsorption separation from CO/CO2 Gas mixture by 
CuCl based adsorbents 

4.1 Abstract  

Separation of carbon monoxide from a gaseous mixture containing carbon dioxide (CO2) by 

adsorption process has captured great attention. However, the CO adsorption capacity and 

selectivity over some porous materials is not sufficient. For most adsorbents studied in the 

literature, CO2 is adsorbed more than CO. In this study, we wanted to reverse this selectivity by 

modifying existing adsorbents. Copper (I) chloride (CuCl) based adsorbents were developed using 

coper (II) chloride (CuCl2) as precursor into six different adsorbents; four activated carbons, a 

metal organic framework CALF20, and ordered mesoporous silica SBA 15. The adsorbents were 

prepared using two different methods, the impregnation using a modified polyol technique and 

auto dispersion method. The π complexation between Cu2+ ions and CO enhanced the CO 

adsorption uptake and selectivity while reducing the CO2 uptake. The highest CO uptake was 

observed by modified activated carbon CuCl/xtrusorb (1.62 mmol/g) at 100 KPa and 298 K.   The 

CO/CO2 selectivity increased to 4.37 compared to 0.2 before copper incorporation. Moreover, 

different loading of copper was tested to determine the monolayer dispersion capacity of CuCl2 on 

the support. 

Sample characterization was performed by N2 adsorption at 77 K for BET surface area analysis 

and X-Ray diffraction (XRD). The characterization results suggest that CuCl2 salt is completely 

reduced to CuCl dispersed on the surface. CO and CO2 equilibrium isotherms were measured using 

a gravimetric system at pressures ranging from 0 to 20 bar at 298 K.     

4.2 Introduction 

Carbon monoxide (CO) is a significant feedstock in chemical industry and a starting material for 

the synthesis of various components in C1 chemistry [1], [2], including methanol, acetic acid, 

formic acid, phosgene and liquid fuels through Fisher Tropch process [3], [4]. CO is mainly 

produced in gaseous mixtures along with other components such as N2, CO2, CH4, H2 and H2O 

through different processes including steam and methane reforming, partial oxidation of 

hydrocarbons, coal gasification and CO2 conversion processes. In steel industry, the off- gas from 
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blast furnace, coke oven and converter gas are very rich in CO (8-89%) [5], [6]. Therefore, CO 

separation and purification from other product mixtures are important to recover CO and benefit 

from its recycling and utilization. Furthermore, trace levels of CO should be removed from 

catalytic reactions as it poisons some catalyst, which is the case in hydrogen fuel cell catalyst [7], 

[8]. Hence, CO separation and purification from other gaseous mixtures are crucial.  

Among different CO separation technologies, cryogenic distillation is used in industry. In this 

process the gas mixture is liquefied and CO is separated at low temperatures of -165 to -210 °C, 

which make this process very energy intensive. Furthermore, in the presence of N2, CO separation 

from N2 is not feasible as their boiling points are very close, with -191.5 °C for CO2 and -195.8 °C 

for N2. Adsorption separation is an alternative technology for CO recovery. It has been 

successfully used for CO separation using different porous materials, including activated carbons, 

zeolites, and metal organic frameworks (MOFs). However, the implementation of adsorption 

separation is challenging mostly from a mixture containing CO2. The majority of adsorbents 

exhibit higher adsorption capacity toward CO2. In addition, CO2 molecules has larger 

polarizability compared to CO with very similar kinetic diameters (0.33 nm and 0.37 nm for CO2 

and CO respectively), which make kinetic separation of CO and CO2 a difficult one [9].    

To further improve the CO uptake and selectivity toward CO, several researches focussed on 

development of new adsorbents with incorporation of transition metal ions such as Cu+, Ag+, Pd+ 

and Ni+ ions [10], [11] into the pores of the adsorbent materials. The metal ions form π complex 

with π-orbital of gas or liquid [12]. Moreover, the σ bonds form between the s orbital of metal ions 

and CO molecules, and π back-donation is formed between the d-orbital of metal ion with CO 

molecule [13]. The schematic in Figure 4-1 represent π complex formation between metal ion and 

CO [14]. 

Different approaches were investigated to modify porous adsorbents with metal salts for CO 

purification, the most common and simplest method being monolayer dispersion. Fei et al. [15], 

Xue et al. [16] and Huang et al. [17] prepared Cu based activated carbons using solid state auto-

dispersion  method. Similar method was applied by Xie et al. [18],  Fei et al. [19]  and Ma et al. 

[20] to modify zeolite material by introduction of copper metallic salts. Another technique of 

incorporation of metal ions consists of wet impregnation by dispersing metal salts using reagents 
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such as hydrochloric acid, toluene and methanol in different solid adsorbents including MOF 

materials [21], [22] 

 

Figure 4-1. π-complexation between CO and Cu (I) ions [14]. 

4.3 Experimental 

4.3.1 Materials 

Four different samples of activated carbons (AC F300, AC F400, Xtrusorb A754, and OVC 4x10) 

were purchased from Calgon Carbon (Moon Township Pennsylvania, United States). Cupric 

chloride dihydrate (CuCl2.2H2O. 99.999 %) from Alfa Aesar (Ward Hill, MA, United States), 

ethylene glycol (CH2OH)2 and sodium hydroxide (NaOH), were purchased from Fisher Scientific 

Inc. (Ottawa, ON, Canada). CO, CO2 and helium gases were obtained from Linde Canada Ltd. 

(Burlington, On, Canada). All the gases had purities of 99.99% or above. 

Ordered mesoporous silica  SBA15 was prepared in the lab following the method described by 

Zhao et al.[23]. Metal organic framework sample CALF 20 was acquired from University of 

Calgary.  

4.3.2 Adsorbent preparation 

The Cu-based adsorbents were prepared by two different methods: 1) the polyol method [24] for 

reduction and deposition of Cu(I), 2) thermal monolayer auto-dispersion method [25]. 

 Polyol method  
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A calculated amount (0.5 g) of adsorbent was first grounded and sieved into powder. In a round-

bottom flask inside a fume hood, 50 ml of a 0.08 M prepared solution of NaOH (0.16 g) and 

ethylene glycol (50 ml) was mixed with a fixed amount (0.59 g) of copper (II) chloride salt using 

magnetic stirrer at ambient temperature for one hour. The solution was then attached to a reflux 

column connected to a cooling water and suspended in silicon oil bath sitting at the top of a hotplate 

(IKA® C-MAG HS7). The temperature was controlled with an electronic contact thermometer 

(IKA ETS D5). The solution was gradually heated to 160 °C while continuously stirring with the 

magnetic stirrer and kept at this temperature while stirring for 2 hours. After this step the heat is 

turned off and the solution was cooled down naturally to room temperature while being stirred 

until it is cooled. Afterward, the solution is transferred to two flacon tubes, then centrifuged at 

4000 rpm for 10min three times to separate the liquid from the solid. The supernatant was decanted, 

and the solids were washed between each run with deionized water. The obtained mixture was 

subsequently dried at room temperature in a fume hood for about three days. Schematic diagram 

of the procedure is shown in Figure 4-2. 

 Monolayer auto-dispersion method 

A calculated amount (0.5g) of different porous material in a powder form and CuCl2.2H2O (0.59 

g) were mixed in an ultrasonic bath for an hour at room temperature. The sample was then dried 

at 120 °C under vacuum for five hours to remove moisture. It was then further activated in situ by 

raising the heater temperature to 450 °C under CO gas environment at a pressure of 1.5 bar as a 

reducing agent for four hours. For activated carbon Xtrusorb A754, different copper loadings were 

prepared. 3, 5 and 7mmol/g denoted as X-Cu@xtrusorb where X indicates the copper loading. 

Table 4.1 shows the list of adsorbents used and their notation after copper addition. 
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Table 4-1. List of adsorbents before and after modification. 

 

 

 

 

 

Figure 4-2. Modified Polyol method for copper nanoparticle deposition.  

 

Adsorbents Modified adsorbents Copper loading (mmol/g) 

Activated carbon F300 X-Cu@F300 X=7 

Activated carbon F400 X-Cu@F400 X=7 

Activated carbon Xtrusorb A754 X-Cu@xtrusorb X=3,5,and 7 

Activated carbon OVC 4x10 X-Cu@OVC X=7 

MOF CALF20 X-Cu@CALF20 X=7 

Ordered mesoporous silica SBA 15 X-Cu@SBA15 X=7 
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4.3.3 Adsorbent characterizations 

BET surface area 

Nitrogen adsorption/desorption equilibrium isotherms of the samples were determined using liquid 

Nitrogen at 77K in a Micrometrics ASAP 2020 analyser. Prior the measurements, the samples 

were degassed overnight at 300 oC. The samples’ specific surface areas were determined from the 

equilibrium isotherms using Brunauer-Emmett-Teller (BET) method. The total pore volumes were 

calculated based on the equilibrium isotherms at the relative pressures, P/P0, near to 1.   

 

X-Ray Powder Diffraction 

To identify the crystalline material of the samples, Powder X-ray diffraction (XRD) is used. The 

XRD scans of the samples were collected on the Rigaku Ultima IV X-ray diffractometer over the 

angular range of 10 to 58° (2theta).  The XRD system operates in the theta:theta geometry  using 

CuKα radiation, 1.5405981 Å, and is equipped with a D/teX high speed detector.  The generator 

voltage and current settings were 40 kV and 44 mA, respectively.   

 

4.3.4 Equilibrium isotherm measurements 

Adsorption equilibrium isotherms of CO and CO2 were measured using a gravimetric system 

(Intelligent gravimetric analyser: IGA) from Hiden Isochema Limited (Warrington, UK). The 

isotherms were measured at 25 °C for a pressure range of 0-20 bar. The IGA microbalance has a 

mass resolution of 0.1 μg. To control the sample temperature, a thermostatic water bath is used for 

a temperature range of 5 to 80 °C. For higher temperature applications, a high temperature furnace 

is used (1000 °C with quartz reactor).  

Before isotherm measurements, the adsorbents were degassed at vacuum at 300 °C overnight to 

remove humidity and impurities that may be adsorbed in the sample. The sample temperature is 

measured by an in situ RTD temperature probe which is accurate to ± 0.1 °C. To correct for the 

buoyancy forces acting on the microbalance components, the buoyancy force correction (Fb) in 

equation (4.1) is considered 
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𝐹௕ = 𝑔𝑟ଶ𝑉௜ 𝜌௚ = 𝑔
௠೔

ఘ೔
  𝜌௚(𝑇, 𝑃)                                           (4.1) 

Where g is the gravitational acceleration, Vi is the volume of the object, and ρg is the density 

of the gas surrounding the object at a known temperature and pressure (T, P).  

Adsorbents’ skeletal density was measured using the gravimetric system by helium displacement 

method. Results are shown in Table 4-2. The schematic diagram of the apparatus used for 

equilibrium isotherm measurements is illustrated in Figure 4-3. 

Table 4-2. Textural properties and skeletal density values of the unmodified adsorbents studied. 

Unmodified 
Adsorbent 

BET surface 
area  

(m2/g) 

Langmuir 
surface area 
(m2/g) 

Total pore 
volume 

(cm3/g) 

Pore 
diameter 

(Å) 

Skeletal 
density 

(g/cm3) 

AC F300 847 1147.62 0.471 22.25 2.19 

AC F400 907 1228.23 0.517 22.8 2.042 

OVC 4x10 1084 1454.82 0.521 19.20 2.218 

Xtrusorb 1082 1451.38 0.574 21.22 1.952 

SBA 15 496 677.6 0.474 38.28 2.48 

CALF 20 387.036 511.14 0.205 21.27 1.834 
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Figure 4-3. Schematic diagram of the gravimetric adsorption apparatus used in this study. 

4.3.5 Adsorption Isotherm models 

To correlate the adsorption isotherms of CO and CO2 with different adsorbents, the Langmuir, 

dual site Langmuir and SIPS models were used.  

Langmuir isotherm model describe the monolayer coverage of the adsorbate on the surface with 

no interactions between adsorbate molecules. The equation is written as 

௤೐

௤ೞ

௕௉

ଵା௕௉
                                                               (4.2) 

Where qe is the adsorbed amount at equilibrium in mmol/g, qs, is the maximum adsorption amount 

at the isotherm temperature (mmol/g), P is the equilibrium pressure (bar) and b (bar-1) is the 

Langmuir adsorption equilibrium constant. 

Sips Model is a combination of Langmuir and Freundlich models to predict the behaviour of 

heterogeneous adsorption system [19].  

 

௤೐

௤ೞ

(௕௉)೙

ଵା(௕௉)೙                                                           (4.3) 

where n is a dimensionless isotherm parameter describing the heterogeneity of the adsorption. 
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Dual site Langmuir equation is given by: 

qୣ =  qଵ +  qଶ =
୯భୠభ୔

ଵାୠభ୔
+  

୯మୠమ୔

ଵାୠమ୔
                                 (4.4) 

where the adsorption happens in two distinct sites1 and 2.  

4.3.6 Selectivity 

The pure component selectivity of CO over CO2 gas is calculated by using equation (4.5) 

𝑆௔ௗ௦ =
௤಴ೀ

௤಴ೀమ

                                                                                           (4.5) 

Where qCO and qCO2 are the adsorbed amounts of CO and CO2 at equilibrium, respectively, at given 

pressure and temperature 

4.4 Results and discussions 

4.4.1 Adsorption/desorption isotherms with unmodified adsorbents 

The adsorption and desorption isotherms of carbon monoxide and carbon dioxide with the six 

unmodified porous materials at room temperature (298 K) and pressure range of 0 to 20 bar are 

presented in Figure 4-4. These isotherms increased steadily with increasing pressure following 

type I isotherm for activated carbon samples. Furthermore, the activated carbon isotherms show a 

marked reversible behaviour of adsorption and desorption. The MOF CALF 20 exhibited a sharp 

increase in CO2 adsorption at low pressure range, implying high interaction with CO2 molecules. 

For SBA 15, a marked hysteresis between adsorption and desorption isotherm is observed in CO 

isotherm. This could be explained by the capillary condensation which is signature for mesoporous 

materials. 

The adsorption isotherms clearly showed that the adsorption capacity of CO2 is much higher than 

those of CO. The higher uptake of CO2 is due to its higher quadrupole moment (13.4x10-40 C m2) 

and polarizability (26.3 x10-25 cm3) compared to CO (12.3 x10-40 C m2 and 18.44 x10-25 cm3). 

The difference in CO2 uptake between different adsorbents is also due to their specific surface area 

and pore volume, which result in higher adsorption capacity for samples with larger surface area.  
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The highest CO2 and CO uptake values are observed with OVC4x10 and Xtrusorb A754 samples 

with the values of 8.99 mmol/g and 9.47 mmol/g for CO2 and 3.42 mmol/g and 3.45 mmol/g for 

CO, respectively, at 25 °C and pressure of 20 bar. Their surface areas of 1084 m2/g and 1082 m2/g 

are the largest as seen in Table 4-2. The adsorbed amount of CO at  298 K with Xtrusorb A754 

and OVC4x10 for pressures of 1 bar to 20 bar increased by 608% and 536%, respectively. 

Furthermore, the CO and CO2 isotherms with SBA-15 are quite linear, suggesting weak interaction 

between SBA-15 and both CO and CO2.  
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Figure 4-4. CO and CO2 adsorption equilibrium isotherms at 298K with unmodified adsorbents 

(a) F300, (b) F400, (c) OVC 4x10, (d) Xtrusorb, (e) SBA 15, and (f) CALF 20 
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Figure 4-5 summarizes the results of the CO and CO2 isotherms of the six studied adsorbents to 

compare the capacities of each gas for different unmodified adsorbents. At high pressures, the 

highest and the lowest adsorption capacity of CO and CO2 are seen with activated carbon Xtrusorb 

and SBA 15, respectively. 

Figure 4-5. Adsorption isotherms of six unmodified adsorbents at 298K for (a) CO and (b) CO2. 

 

Modelling the adsorption isotherm data obtained from experimental tests is essential to predict the 

adsorption performance and for design, prediction and optimization of adsorption processes.  

To define an adsorption isotherm model that best represent the experimental data of adsorption 

isotherms, several models are applied. In this work, we considered three models: Langmuir, dual 

site Langmuir and Sips models. To find the best fitting adsorption model, nonlinear regression 

analysis was applied to fit the three models. As observed in Figure 4-4, the three models fit the 

experimental data well, however the dual site Langmuir model showed the lowest residual sum of 

square (RSS) value which indicate that this model is the best to represent the experimental data. 

Table 4-3 lists the values of corresponding isotherm parameters for Langmuir, Sips and dual site 

Langmuir models. 
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Table 4-3. Langmuir, Sips and dual site Langmuir model parameters for CO and CO2 adsorption 
isotherms for the unmodified adsorbents in this study. 

Unmodified 
Adsorbent 

Gas 

Langmuir  Dual site Langmuir Sips 

qs  B q1  b1 q2  b2 qs  b n 

mmol/g bar-1 mmol/g bar-1 mmol/g bar-1 mmol/g bar1 -  

AC F300 CO2 8.49 0.23 8.10 0.09 1.90 1.40 11.64 0.09 1.37 

 
CO 4.10 0.09 0.60 0.48 4.58 0.04 5.57 0.04 1.19 

AC F400 CO2 9.87 0.17 9.51 0.08 1.92 1.48 13.80 0.07 1.41 

 
CO 4.17 0.08 4.62 0.05 0.48 0.53 5.61 0.04 1.18 

OVC 4x10 CO2 10.83 0.22 4.52 0.10 0.49 0.10 12.11 0.16 1.15 

 
CO 5.01 0.10 5.26 0.45 7.38 0.07 6.74 0.05 1.20 

Xtrusorb CO2 11.77 0.19 10.89 0.10 2.19 1.43 14.90 0.10 1.32 

 
CO 5.43 0.08 3.96 0.02 3.21 0.13 8.60 0.03 1.25 

SBA 15 CO2 0.02 12.01 8.09 0.04 0.60 1.24 9.42 0.04 1.19 

 
CO 0.01 36.24 10.49 0.00 0.09 2.38 35.80 0.00 1.27 

CALF20 CO2 4.82 2.63 2.29 0.30 3.00 10.40 5.35 2.01 1.57 

 
CO 2.69 0.33 2.48 0.17 0.49 4.17 3.99 0.10 1.59 

 

To evaluate the studied adsorbents for CO/CO2 separation, the CO/CO2 selectivity is calculated 

from dual site Langmuir model by using equation 4.5. The results are summarized in Figure 4-6. 

The CO/CO2 selectivity is very low, and increase as the pressure increases, with the highest value 

of 0.48 observed in MOF CALF 20. 
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Figure 4-6. CO/CO2 adsorption selectivity at 298K for studied unmodified adsorbents. 

 

As seen from previous pure equilibrium isotherms and selectivity calculation results, it is difficult 

to separate and recover CO from a gaseous mixture. It is challenging to find porous material with 

high affinity toward CO in a mixture containing CO2 since CO2 has a high polarizability and higher 

quadrupole moment, thus most adsorbents exhibit higher CO2 uptake than CO. Therefore, to 

separate and recover CO from gaseous mixture containing CO2, and obtain high purity CO gas, 

development of new adsorbent materials featuring high affinity and interaction with CO molecules, 

thus increasing the CO adsorption capacity and selectivity is necessary. Furthermore, this 

interaction should be weak enough, so adsorbents’ regeneration does not necessitate high energy 

during desorption process, so that change in pressure or temperature using either pressure swing 

adsorption (PSA) or temperature swing (TSA) between consecutive cycles is sufficient for a 

continuous process. 
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π complexation adsorption is a promising method for CO recovery and purification. Transition 

metal ions such as Cu(I), Ag(I) and Pd(II) has been used  for π complexation interaction with CO 

molecules and many studies had proved their efficiency for CO recovery. 

In this study, copper chloride (II) is incorporated into the adsorbents studied following the two 

methods described above, polyol and auto-dispersion method. For Xtrusorb sample, different 

copper loadings are tested to determine the threshold of the copper required to cover the sample 

surface. The adsorption isotherm results obtained with these modified adsorbents are given in 

section 3.3.  

4.5 Characterization of adsorbent samples 

4.5.1 XRD results 

The XRD diffraction patterns of the activated carbon Xtrusorb and the loaded samples with CuCl2 

are presented in Figure 4-7. The results show the diffraction peaks of CuCl2 appear at 2 ϴ values 

of 16.30, 22°, 33.4° and 54°.  The CuCl2 peaks disappeared after sample activation suggesting that 

CuCl2 is well reduced to CuCl. The diffraction peaks of CuCl at 2 ϴ values of 28.5° , 47.5°  and 

56° are seen in 3-Cu@xtrusorb, 5-Cu@xtrusorb and 7-Cu@xtrusorb, with less intensity in 3-

Cu@xtrusorb which might de due to well dispersed CuCl on the surface. Furthermore, the 

reflection intensity of CuCl peaks increases with increasing CuCl loading in the samples. However 

at 28.50, the intensity in 5-Cu@xtrusorb is higher than 7-Cu@xtrusorb. This could be explained by 

small crystals of CuCl with higher Cu (I) dispersion in 7-Cu@xtrusorb sample so XRD did not 

detect it. Another speculation could be the excessive loading of copper into the support, leading to 

appearance of smaller diffraction.  

4.5.2 BET surface area analysis 

Table 4.4 represents the data obtained for activated carbon Xtrusorb and the three modified ones 

with different copper loading (3, 5, and 7 mmol/g). The activated carbon Xtrusorb’s surface area 

and total volume are 1082 m2/g and 0.574 cm3/g respectively. The samples with cooper loading 

exhibit a gradual decrease in surface area and pore volume as the CuCl2 loading increase. This 

indicate the dispersion of the copper into the pores of the support reducing the number of open 

pores. Likewise, increasing copper loading lead to further decrease in the surface area as more 
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copper occupy the surface. In addition, it is observed that the average pore diameter increases as 

the copper loading in the adsorbent increase from 3 to 7 mmol/g. As the copper loading increases, 

more microspores are occupied with copper, thus the average pore diameter represent more of the 

mesopores in the adsorbent. 

 

 

Figure 4-7. X-Ray diffraction patterns of Xtrusorb and CuCl2 before and after activation: 
(a)Xtrusorb, (b) 3-Cu@xtrusorb, (c) 5-Cu@xtrusorb, (d) 7-Cu@xtrusorb, and (e) 
CuCl2  
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Table 4-4. Textural properties of activated carbon Xtrusorb A754 loaded with CuCl2 

4.6 Equilibrium adsorption isotherms of modified adsorbents 

4.6.1 Results obtained with Polyol method 

Figure 4-8 represent the equilibrium isotherms of pure CO and CO2 in adsorbents impregnated 

with CuCl2 at 298 K. The adsorbent samples were loaded with 7mmol/g of CuCl2.2H2O using 

polyol method as described before. A very small increase of CO uptake in impregnated activated 

carbon Xtrusorb F400, OVC4x10, SBA 15 and CALF 20 at low pressures compared to the non 

modified adsorbents was observed from the results. On the other hand, the CO2 adsorption capacity 

in these modified adsorbents had decreased compared to the previous results obtained before 

sample impregnation. These results suggest that there was a weak interaction between CO and Cu 

(I) in modified adsorbents.  Furthermore, the CO2 uptake decreased due to reduction of open site 

available for interaction with CO2, which are occupied by impregnated copper. 

For Cu based F300, there was an interesting increase in CO uptake at low pressures, suggesting a 

strong interaction with Cu (I). At higher pressures, a smaller amount of CO is adsorbed, this may 

be caused by the absence of Cu (I) in micropores. 

In general, the polyol method for Cu nanoparticle deposition into the surface of the adsorbent did 

not show a significant change in CO adsorption capacity, suggesting a weak interaction of Cu with 

this adsorbent, thus the π complexation did not happen. Further investigation and testing is required 

to improve the employment of this method for Cu impregnation into porous materials. 

Samples Cu content     
(wt%) 

BET surface area  
(m2/g) 

Total pore volume 
(cm3/g) 

Average pore 
diameter (Å) 

Xtrusorb A754 - 1082.41 0.574 21.22 

3-Cu@xtrusorb 19 497.94 0.27 22.19 

5-Cu@xtrusorb 31.7 192.65 0.12 25.29 

7-Cu@xtrusorb 44 106.46 0.07 26.28 
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Figure 4-8. Equilibrium adsorption isotherms for CO and CO2 in different adsorbents impregnated                                  
with CuCl2 via polyol method. 
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A different method was then investigated through the employment of solid state auto-dispersion 

method for adsorbent modification using CuCl2 as precursor. 

 

4.6.2 Results obtained with monolayer auto-dispersion method 

Samples were prepared by dispersion of CuCl2 as precursor by a monolayer auto-dispersion 

method as described before. Pure CO and CO2 equilibrium isotherms were measured at 298K and 

the results are shown in Figure 4-9 for all the samples. 

To avoid sample oxidation and hydrolysis of Cu (I) if exposed to air, sample preparation and 

reduction was performed in situ (inside IGA reactor) .  Sample degassing under vacuum was 

performed to desorb any CO gas used as reducing reagent. CO adsorption/desorption isotherms 

were measured at constant temperature using a thermostatic water bath.  
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Figure 4-9. Equilibrium adsorption isotherms for CO and CO2 in different CuCl2 modified    
adsorbent by monolayer dispersion 
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From Figure 4-9, it is observed that CO adsorption capacity increased significantly in Cu modified 

adsorbents compared to non modified adsorbents. In contrast, CO2 adsorption had decreased 

substantially. This clearly shows that the monolayer dispersion of Cu on the surface of the 

adsorbents can effectively adsorb more of CO molecules compared to non modified adsorbents. 

This is attributed to the formation of π-complex between CO molecule and Cu (I) ions. These 

results had confirmed that Cu (I) ions were successfully dispersed into the pores of the adsorbents. 

Moreover, the CO2 adsorption capacity decreased substantially in Cu-based adsorbents, which is 

attributed to the reduction of accessible sites for CO2 as they are occupied by incorporated Cu (I) 

ions, thus decreasing the adsorption capacity of CO2. This is also confirmed by the results observed 

with a decrease in BET surface area as shown in Table 4-4.  Consequently, the CO/CO2 selectivity 

in Cu-based adsorbents increased significantly as illustrated in Figure 4-10 for all the adsorbents, 

reversing the previous results obtained before for the non modified adsorbents. The highest 

selectivity is observed in activated carbon 7-Cu@Xtrusorb with the value of 4.9 at 15 bar.  

 

Figure 4-10. CO/CO2 adsorption selectivity values with activated carbon Xtrusorb and OVC 4x10 
before and after Cu (I) dispersion. 

 

4.6.3 Optimal copper loading for CO/CO2 separation 

Figure 4-11 represents the adsorption equilibrium isotherms of CO and CO2 in activated carbon 

Xtrusorb with different copper loadings at 25 °C. The adsorption capacity of CO on modified 
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adsorbents significantly increased as more copper is loaded into the sample compared to the parent 

adsorbent Xtrusorb. At 1 bar, the CO uptake in Xtrusorb was 0.48 mmol/g and increased to 1.99 

mmol/g in Xtrusorb loaded with 7mmolg of CuCl2, an increase of 314%. Increasing copper loading 

imply that more copper occupy the pores of the support as it was seen from BET surface area 

results. Consequently, there is less available open site for CO2 interaction. Therefore less CO2 

uptake as seen in the Figure 4-11. The highest CO uptake of 4.43 mmol/g was marked at 20 bar in 

7-Cu@Xtrusorb adsorbent. Furthermore, increasing the copper loading to 7mmol/g does not seem 

to be the threshold limit for copper loading in Xtrusorb since the CO uptake keep increasing, 

therefore the  optimal copper loading may be higher than 7mmolg.   

 

 

Figure 4-11. Adsorption isotherms in X-Cu@Xtrusorb at 298 K for CO (a) and CO2 (b) 

 

For gas separations, adsorption selectivity is an important factor. To predict the behaviour of CO 

and CO2 in a gaseous mixture, the pure isotherm measurements of CO and CO2 are used to 

calculate the adsorption selectivity of CO using equation 4.5.  Figure 4-12 illustrates the results 
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obtained for selectivity values for Xtrusorb adsorbents with different copper loadings. The 

obtained results are compared with other adsorbents from the literature as shown in Table 4-5.  

The CO/CO2 adsorption selectivity at 1 bar with 7-Cu@Xtrusorb is 5.89 mmol/g, and further 

increase in Cu loading may further improve this selectivity.  

The incorporation of Cu (I) into activated carbons had significantly enhanced the separation 

performance of CO which allows them to be attractive materials for separation and purification of 

gaseous mixtures of CO and CO2.  

 

 

Figure 4-12. CO/CO2 adsorption selectivity values with X-Cu@xtrusorb at 298 K 
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Table 4-5. Comparison of adsorbent uptakes and selectivity values at 1 bar with literature. 

Adsorbents 

Adsorbed 
amount  

(mmol/g) 

Temperature 
(K) 

 

Selectivity 
(CO/CO2) 

Refs. 

CO CO2   

CuCl/Zeolite 
NaY 

2.4 1.3 
303 

1.84 [3] 

Zeolite 13X 0.7 4 298 0.175 [23] 

Zeolite HY 2.67 0.96 303 2.83 [19] 

MIL101(Cr) 1.13 3.8 288 0.29 [24] 

CuCl/Boehmite 1.55 0.14  11.1 [25] 

0.9Cu@MIL-100 3.52 0.49 303 7.2 [11] 

7Cu@AC 1.62 0.37 298 4.37 This work 

 

4.7 Conclusions 

Overall, this study had confirmed the strong interaction between Cu (I) ions and CO molecules 

through π complexation leading to high CO uptake and selectivity. Thus, the application of Cu (I) 

incorporated adsorbent is very promising for CO/CO2 separation as well as in other gas mixtures 

containing CO gas. 

The impregnation of copper ions using polyol method did not show a significant change in CO 

and CO2 adsorption capacity values except for activated carbon F300. This could be explained by 

low reduction of Cu (II) to Cu (I) ions, thus the number of active copper sites to interact with CO 

was very low. Sample characterisation using XRD or X-ray photoelectron spectroscopy (XPS) to 

confirm the oxidation state of copper on the surface will help identify the problem.   

Copper based adsorbents for selective separation of CO has been successfully obtained using a 

monolayer dispersion of CuCl2 as precursor on six different adsorbents. The Cu (II) ions were 

reduced to Cu (I) with activation at 450°C and under CO environment. As a result, a highly 
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dispersed Cu (I) ions on the surface of the adsorbents was observed as revealed by the 

characterization of XRD and N2 adsorption for BET surface area determination. The results 

confirmed the preferential interaction between CO molecules and Cu (I) ions site rather than CO2 

leading to higher CO adsorption uptake and selectivity. The CO capacity and CO/CO2 selectivity 

in 7-Cu@xtrusorb adsorbent at 25°C and 20 bar increased  by 28.4% and 597% respectively. 

Furthermore, higher CO adsorption was obtained as the Cu (II) loading in the sample increased 

from 3 to 7 mmol/g, with the highest CO/CO2 selectivity obtained with 7mmol/g CuCl2 loading. 

4.8 Abbreviation 

ρg  Density of the gas 

(CH2OH)2 Ethylene glycol  

Å  Angstrom 

CuCl  Copper (I) Chloride 

CuCl2  Copper (II) Chloride 

g  Gravitational acceleration 

M  Molarity 

NaOH  Sodium hydroxide (NaOH 

V  Volume 
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: Conclusions and Recommendations 

5.1 Conclusions 

CO2 capture and conversion has been the focus of significant research activities. After its capture, 

CO2 can be converted to liquid fuels and value added chemicals through different processes. In 

this work, Reverse Water Gas Sift reaction for syngas production has been considered. It was 

found from HYSYS process simulation that increasing the reaction temperature and hydrogen to 

CO2 ratio increases the reaction conversion. Furthermore, recycling unreacted CO2 have the 

advantage of improving the overall conversion of the reaction, in addition of avoiding side 

reactions that may happen if CO2 remain in the product stream when sent to next step of syngas 

processing.  To recover and recycle CO2 from the gaseous mixture containing CO and H2, 

adsorption separation has been considered as a promising technology for CO separation and 

purification. In this research, six porous materials were studied, including activated carbons, metal 

organic frameworks and ordered mesoporous silica. Pure equilibrium isotherm results obtained by 

using a gravimetric system at ambient temperature and pressures up to 20 bar indicated that the 

CO uptake and selectivity is not significant compared to CO2 adsorption.  

In order to improve the adsorbent uptake of carbon monoxide gas, six porous materials were 

modified by incorporation of metallic salt. In this work, copper (II) chloride was chosen as the salt. 

Adsorbents’ synthesis was performed via two different techniques: polyol method and thermal 

monolayer auto-dispersion of copper (II) chloride. The highest CO and CO2 adsorption capacity 

was observed in activated carbon Xtrusorb A754 with values of 3.45 mmol/g and 9.47 mmol/g 

respectively, at 20 bar and 298 K. However, after adsorbents’ modifications with incorporation of 

copper (II) chloride, the selectivity and CO capacity reversed compared to the parent adsorbent, 

suggesting high interaction between copper (I) and CO molecules via π complexation. The highest 

CO/CO2 selectivity of 4.9 at 15 bar was observed in activated carbon 7-Cu@Xtrusorb compared 

to 0.34 in the parent adsorbent Xtrusorb.  Furthermore, different copper loadings were tested in 

Xtrusorb sample. Adsorption performance of CO increased as the copper loading increased from 

3 mmol/g to 7 mmol/g, while CO2 adsorption capacity gradually decreased.    This was ascribed 

to the monolayer dispersion of copper in the pores of the support (Xtrusorb) with less open site to 
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interact with CO2 gas. The results were confirmed by BET surface area measurements, pore size 

and XRD characterizations. 

In general, the results obtained from this study is promising for CO recovery using copper based 

adsorbents featuring  large surface area, thus more copper can be incorporated, resulting in more 

CO adsorption. 

5.2 Recommendations and Future work  

To further enhance CO adsorption capacity and selectivity using different porous materials by 

monolayer auto-dispersion method, few other parameters could be explored: 

 Adsorbents’ impregnation using other metallic salts  

 Test adsorbents with higher surface area materials such as MOF  

 Improve copper reduction conditions including temperature, reducing gas, reduction time  

 Study adsorbents’ stability through multiple cyclic adsorption/desorption  

Copper impregnation using polyol method was not very successful for improving CO adsorption. 

Further investigation is recommended to understand the issue. For instance, sample 

characterization using XRD and XPS will help us understand if the copper (II) was reduced to Cu 

(I). STEM characterization is another technique that will help identify the copper particle size in 

the support, thus indicating if the copper nanoparticles were formed. From the characterization 

results, one can improve the synthesis method and decide which parameter to modify. 

Finally, breakthrough experiments to study the kinetics and behaviour of gas mixture containing 

CO, CO2 and H2 were not completed due to COVID restrictions. These tests will be performed 

before testing the adsorbents in larger scale PSA system. 

 


