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Title: Measurement of CO2 Adsorption Isotherms and Kinetics of Activated Carbons Suitable 

for the Development of CO2 based Adsorption Cooling Systems.  

Thesis Supervisor: Dr. E. Anil Kumar (Associate Professor, IIT Indore) 

Abstract: Adsorption of CO2 on activated carbons is widely utilized in gas storage systems and 

adsorption-based cooling systems. Selection of CO2-activated carbon pairs for gas storage and 

cooling systems is mainly influenced by adsorption isotherms, adsorption kinetics, 

thermodynamic properties and operating conditions. The elaborated research work aims at 

experimental and theoretical studies on CO2 adsorption of various activated carbons namely 

Norit RB3 (steam activated rod) (AC1), Norit Darco (100 mesh size) (AC2) and Norit Darco 

(12×20 US mesh size) (AC3) and coconut shell based activated carbon (CSAC) for the 

development of CO2 based adsorption cooling systems. 

The numerical simulation is carried out to study the rate of adsorption of the CO2 gas on 

activated carbon. A one-dimensional mathematical model is proposed based on the Dubinin’s 

theory of volume filling of micropores, and analyzed along with the unsteady heat transfer. A 

parametric analysis is carried out to study the effect of various crucial parameters like radius of 

bed, cooling fluid temperature, initial bed temperature and heat transfer coefficient on the 

adsorption amount. The results show that lower bed radius is ideal for obtaining high amount of 

CO2 adsorbed assuming constant packing density. Also, a high heat transfer coefficient up to 

100 W/m2 K and low cooling fluid temperature of 283 K is necessary for speeding up the 

process. High initial bed temperature also supports greater adsorption amount under the same 

conditions. 

In the present study, the CO2 adsorption isotherms of activated carbons are measured 

using a Sievert’s type experimental setup at wide range of temperatures from 273 to 358 K. 

Experimental data of CO2 adsorption isotherms is modelled using Langmuir, Tóth, Dubinin-

Astakhov (D-A) and modified Dubinin-Astakhov model. Pseudo-saturation pressure of CO2 

plays a significant role in the estimation of thermodynamic properties of supercritical gas 

adsorption, and it is evaluated using measured adsorption isotherms data. The thermodynamic 

properties namely isosteric heat of adsorption at surface loading, Gibbs free energy, and entropy 

are evaluated using classical Clausius-Clapeyron equation and Dubinin-Astakhov model for 

both subcritical and supercritical phases of CO2 respectively. Adsorbed phase specific heat 

capacity, entropy, and enthalpy are also estimated. 

The adsorption kinetics of CO2 on activated carbons (AC1, AC2, AC3 and CSAC) are 

measured at different supply pressures (1, 5, 10 and 20 bar) and temperatures (298, 308, 318 and 

338 K) using volumetric method. Activation energies at different pressures are calculated by 

fitting the Arrhenius equation to the adsorption kinetics data. Analysis of mechanism of 

Annexure I: Ph.D. Thesis
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interaction between CO2 molecules and adsorbents during the adsorption process is attempted 

using interparticle and Boyd’s diffusion models. It has been found that the film-diffusion is an 

important rate controlling step in CO2 adsorption process. 

The adsorption-based cooling/heating systems have been paid more attention owing to 

free of moving parts, simpler control, lesser operational cost and utilization of waste heat. They 

are non-toxic and eco-friendly as compared to the mechanical vapor compression cooling 

systems. CO2 has emerged as a next generation promising refrigerant for an adsorption-based 

cooling system for the possible applications in commercial/residential cooling, vehicle air-

conditioning, and large refrigeration systems. The measured adsorption isotherms data and 

estimated thermodynamic properties are used for the thermodynamic analysis of single-stage 

and single-effect two-stage adsorption cooling system. The single-stage CO2 based cooling 

system performance parameters in terms of maximum theoretical specific cooling effect (SCE) 

and coefficient of performance (COP) are estimated for the driving heat source temperature of 

80°C at four cooling temperatures of 0, 5, 10 and 15°C with a fixed adsorption/condenser 

temperature of 25°C. All the four activated carbons are found suitable for developing CO2-

activated carbon pairs-based cooling system. The maximum SCE and COP are obtained as 25.87 

kJ/kg and 0.10 respectively. 

In addition, the performance of the adsorption cooling cycle in terms of the maximum 

theoretical SCE and COP of single-effect two-stage adsorption cooling system using CSAC at 

different driving heat source temperatures (80°C for single-stage and 65°C for single-effect two-

stage) and evaporator temperatures (0, 5, 10 and 15°C) is estimated. The maximum values of 

specific cooling effect and coefficient of performance are obtained as 9.26 kJ/kg and 0.06 for 

single-stage and 8.85 kJ/kg and 0.04 for single-effect two-stage cooling system respectively. 

This thesis presents important data related to experimental measurement and theoretical 

modelling of CO2 adsorption isotherms and kinetics of activated carbons. Important 

thermodynamic properties are estimated from adsorption isotherms and kinetics data. Single-

stage and single-effect two-stage adsorption refrigeration cycles are analyzed 

thermodynamically. The results obtained will add value to the knowledge base of CO2 

adsorption isotherms and kinetics, thermodynamic properties of activated carbons and CO2 

based adsorption cooling systems. 
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Title: Energy and Exergy Analysis of a Steam Power Plant. 

Thesis Supervisor: Prof. Rahul Salhotra (Professor, NIT Raipur) 

Abstract: This work is based on the application of second law of thermodynamics for energy 

efficient design and operation of the conventional coal fired power generating stations. The 

steam power plant has been used for the analysis at both design conditions and at present 

working conditions. The usual energy analysis evaluates the energy generally on its quantity 

only. However, the exergy analysis assesses the energy on quantity as well as the quality. The 

primary objectives of this thesis are to analyze the system components separately and to identify 

and quantify the sites having larges energy and exergy losses. In addition, the effect of varying 

the reference environment state on this analysis will also be presented. The aim of the exergy 

analysis is to identify the magnitudes and the locations of real energy losses, in order to improve 

the existing systems, processes or components. This thesis deals with an energy and exergy 

analysis performed on an operating 36 MW unit of steam power plant at power station-1, Bhilai 

steel plant, Bhilai, India. The exergy losses occurred in the various subsystems of the plant and 

their components have been calculated using the mass, energy and exergy balance equations. 

The comparison between the energy and exergy losses of the individual components of 

the plant shows that the maximum energy losses of 52.64 MW in occur in the condenser, 

whereas the maximum exergy losses of 55.52 MW occur in the boiler. On the other hand, the 

exergy analysis of the plant showed that energy lost in the condenser is thermodynamically 

insignificant due to its low quality. Energy loss in the boiler system, it was found to be 46.19% 

and also less than 4% for all other components. In addition, the calculated thermal and exergy 

efficiency of the power cycle was 33.86% and 30.25%, which is low compared to the modern 

power plants. 

The major source of exergy destruction was the boiler system where chemical reaction 

in a combustion chamber is the most significant source. Exergy destruction in the combustion 

chamber is mainly affected by the excess air fraction and the temperature of the air at the inlet. 

The inefficiencies of combustion can be reduced by preheating the combustion air and reducing 

the air-fuel ratio. Although the percent exergy destruction and the exergy efficiency of each 

component in the system changed with reference environment temperature, the main conclusion 

remains the same; the boiler is the major source of irreversibility in the thermal power plant. 
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- - -

-
The advantages are lower regeneration energy requirements during desorption process, increased CO2 carrying capacity, 
reduction in the cost of CO2 separation and minimum pressure drop [1, 2]. According to the published literature, the 
activated carbons are an appropriate candidate for CO2 separation, the amount of CO2 adsorbed being reliant on the 
adsorbent qualities such as surface area, pore structure and the properties of surface chemistry [3-8]. They exhibit high 
CO2 adsorption capacity, high surface area, thermal stability, inexpensive and low cost [9, 10]. Physical adsorption on 
activated carbon is widely utilized for various applications like adsorption based gas storage systems, adsorption based 
heating and cooling systems, separation and purification of gases, cryocoolers and energy storage systems [11-15]. 
Functioning of these applications is required to accurate information of adsorption isotherms data and isosteric heat of 
adsorption helps in achieving a high level of confidence. 

-

    

In this study, the commercially available activated carbon (Norit Darco 100 mesh size) is procured from Sigma 
Aldrich. The BET surface area, total pore volume and average pore diameter are evaluated using a BET analysis and the 
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1. Introduction 
The rapid development of modern civilization and increasing living standard has lead to exponential 

increase in energy consumption. As a consequence, environmental pollution has become a severe problem. 
Among the various effects of environmental pollution, global warming has been a critical one. Worldwide, 
many researchers are seeking ways to reduce the global warming. Conventional refrigeration units have 
always act as an important source for global warming. Methods like, replacing Hydro Chloro Flouro Carbon 
(HCFC), with Hydro Flouro Carbon (HFC) refrigerants also, could not have significant effect on global 
warming. It is projected that refrigeration and air conditioning units would contribute approximately 9-19% 
of total greenhouse gas emission in 2050 [1]. On the basis of reliability and ecofriendliness, adsorption based 
cooling systems seem to be feasible solution. Many researchers have reported about various natural and low 
global warming potential refrigerants including water, ammonia, methanol, ethanol and HFO-1234ze. Solar 
energy or low grade energy like, waste heat can be used as driving media for adsorption based cooling 
systems. Adsorption based cooling system like water/zeolite, water/silica gel and ammonia/activated carbon 
are already commercialized. The main hindrances of these systems are poor systems performance, bulkiness 
of adsorbents and low heat transfer rate inside the adsorber/desorber bed.  

With very low values of global warming potential and ozone layer depletion potential, carbon 
dioxide (CO2) has emerged as an appropriate refrigerant for adsorption based cooling system for the possible 
applications of commercial/residential cooling, vehicle air-conditioning and large refrigeration systems. CO2

is a non-toxic and non-flammable natural refrigerant. As an adsorbent, activated carbon has received 
considerable attention due to its suitable properties like, high surface area, large pore size distribution, high 
adsorption capacity, fast kinetics and thermal stability etc. 

The objective of the present article is to measure the adsorption isotherms and kinetics of 
CO2/activated carbon pair for the probable development of an adsorption based cooling system. The 
adsorption isotherms of CO2 on activated carbon are measured at various temperatures from 0 °C to 75 °C 
and over a pressure range of 0 to 95 bar . CO2 adsorption kinetics is 
also evaluated at different supply pressures (1, 5, 10 and 20 bar) with same adsorption temperatures 
respectively. The adsorption isotherm parameters are correlated using a Dubinin-Astakhov (D-A) isotherms 
model with volume correction. Further, the values of isosteric heat of adsorption and specific heat capacity 
are extracted for the assorted CO2/activated carbon isotherms data. Also the apparent activation energies for 
different supply pressures at different temperatures are evaluated. In addition, the coefficient of performance 
(COP) and specific cooling effect (SCE) of cooling system are simulated for different driving heat source 
temperature ranging from 30 °C to 90 °C, evaporator temperature of 0 °C, 5 °C, 10 °C and 15 °C and cooling 
source temperature of 25 °C. 

Keywords: Activated carbon, Adsorption, CO2, Cooling system, Isotherms, Kinetics 

2. Experimental Section 

2.1 Material 
In this study, the commercially available activated carbon (Norit Darco 100 mesh size) is procured 

from Sigma Aldrich. The BET surface area, total pore volume and average pore diameter are evaluated using 
BET analysis and the respective values are 876.45 m2/g, 0.73 cm3/g and 3.33 nm. The elemental contents and 
average particle size of the adsorbents are evaluated using an Elemental analysis and SEM instrument 
respectively.   

2.2 Experimental procedure 
The details of experimental setup, adsorption cell design and data reduction for adsorption 
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Abstract:

Emission of carbon dioxide gas into environment is the main reason for global 
warming. Information of adsorption isotherm and adsorption kinetics of pure CO2 gas is 
required for planning the adsorption process of a new material that can be scaled-up to large 
capacity. In this work, adsorption isotherms of pure CO2 on activated carbon are measured at 
different temperatures (298 K, 308 K, 318 K and 338 K) and pressures from 0 to 45 bar and 
kinetics are measured in a wide range of pressures (1bar, 5 bar, 10 bar and 20 bar) at different 
temperatures (298 K, 308 K, 318 K and 338 K) using a volumetric method. The 
thermodynamic parameters are estimated and these parameters indicated that the adsorption 
process is spontaneous and exothermic in nature and physisorption is the dominant 
mechanism for CO2 adsorption. In addition, the adsorption activation energy for CO2 on 
activated carbon decreased with the increase of pressure. The structural information, surface 
chemistry, chemical composition and thermal behaviour of the activated carbon are studied. 

Introduction  

Carbon dioxide (CO2) is an major greenhouse gas released from power industries, gas 
processing industries, refineries, chemical and petrochemical industries, iron and steel 
industries and cement industries [1,2]. The CO2 removal from industrial emissions has 
become essential in the fight against global warming and climate change [3]. Scripps Institute 
of Oceanography recently observed that as the CO2 concentration increased from 315 ppm in 
March 1958 to 398 ppm in January 2014 resulting in increase in global average temperature 
by 0.6 to 1°C. The International Panel on Climate Change (IPCC) estimates that, average 
CO2 concentration may rise to 570 ppm by the year 2100 causing a rise of about 1.9°C and 
3.8 m in the global average temperature and mean sea level respectively [4]. Consequently 
the most recommending alternative to alleviate the effect of CO2 on the world climate is to 
capture the CO2 from industries [5,6].  

Adsorption is considered as a most proposing and versatile technique among other 
processes likes absorption, cryogenic separation, membrane separation and micro algal bio 
fixation for CO2 separation. It shows the advantages like reduction in cost of CO2 capture, 
increased CO2 carrying capacity, lower regeneration energy requirements, faster reaction 
rates and minimum pressure drop [7-9]. Songolzadeh et al. [10] is reported that the cost of 
CO2 capture is reduced by using an adsorption technique. Among the properties expected in a
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Abstract: Carbon dioxide (CO2) removal from industrial emissions has become essential in 
the fight against climate change. In the present study, adsorption on activated carbon is 
selected as a reasonable solution for CO2 separation because it is simple and relatively less 
costly when compare to other available CO2 separation techniques. The objective of this 
work is to study the CO2 adsorption and kinetics by commercially available activated 
carbons namely NORIT type RB3 steam activated rod. The adsorption isotherms and 
kinetics curves are measured using volumetric method at different temperatures (298 K, 
308 K and 318 K) and pressures (0 to 45 bars). The structural information, surface 
chemistry and thermal behaviour of the adsorbent sample are characterized by X-ray 
powder diffraction (XRD), infrared spectroscopy (IR), elemental analysis (EA), field 
emission scanning electron microscopy (FESEM), energy dispersive X-ray spectroscopy 
(EDX) and thermogravimetric analysis (TGA). 
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1. Introduction 

The World’s energy consumption has been continuously increasing at a vigorous rate in 
recent year because of population growth and economic development. Due to increasing emission 
amounts of CO2 from fossil fuel combustion and enhancement of the greenhouse effect, the carbon 
capture and storage (CCS) have attracted increasing attention. Reducing the anthropogenic 
emission of CO2 has recently become a political and technological priority. One approach is CCS in 
which CO2 is sequestered to reduce its concentration in the atmosphere; another is the development 
of renewable and clean energy sources, or energy carriers, in order to reduce our dependence on 
fossil fuels, such as petroleum and coal, which contribute significantly to global CO2 emissions [1].  

CO2 is considered to be the major greenhouse gas (GHG) contributing to global warming 
[2]. The International Panel on Climate Change (IPCC) estimates that, average CO2 concentration 
may rise to 570 ppm by the year 2100 causing a rise of about 1.9°C and 3.8 m in the global average 
temperature and mean sea level respectively [3].

Adsorption is considered as a reasonable solution. It shows the advantages like reduction 
in cost of CO2 capture, increased CO2 carrying capacity, lower regeneration energy requirements, 
faster reaction rates and minimum pressure drop [4, 5]. Reduction in cost of CO2 capture by using 
adsorption technique is recently reported by Songolzadeh et al. [6]. Among the properties expected 
in a good adsorbent, fast adsorption kinetics is one of the most important criterions for selection of 
the proper adsorbent [7, 8]. 
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Abstract: Carbon dioxide (CO2) emissions are believed to be a major contributor to global warming. As a 
consequence large anthropogenic CO2 sources worldwide will eventually be required to implement CO2 capture 
and sequestration (CCS) technologies to control CO2 emissions. Adsorption is then chosen as the preferred 
technique due to its relatively simple and cost-effective design. Activated Carbon (AC) materials are selected as 
suitable adsorbents for the CO2 capture and a numerical analysis is carried out to study the rate of adsorption of 
the gas on ACs. A one dimensional mathematical model is proposed based on the Dubinin’s Theory of Volume
Filling of Micropore, and analyzed along with the unsteady heat transfer. A parametric analysis is carried out to 
study the effect of various crucial parameters like thickness of bed, cooling fluid temperature, supply 
temperature and heat transfer coefficient on the adsorption amount. The results show that lower bed thickness is 
ideal for obtaining high amount of CO2 adsorbed assuming constant packing density. Also, a high heat transfer 
coefficient up to 100 Wm-2K-1 and low cooling fluid temperature of 283 K is necessary for speeding up the 
process. High initial bed temperature also supports greater adsorption amount under the same conditions.
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1. INTRODUCTION

With the rapid development of modern civilization, the widespread use of fossil fuels within the current energy 
infrastructure is considered as the largest source of anthropogenic emissions of CO2, which is largely responsible
for global warming and climate change [1, 2]. In fact, more than 30 billion tons of CO2 are added to the 
atmosphere every year. Moreover, the emission of CO2, one of the major greenhouse gases, may have 
contributed to urban smog, acid rain, and health problems [3].
Since the beginning of the industrial revolution around 1850 to 2013, the average atmospheric concentration of 
CO2 has increased from 280 to 397 parts per million (ppm) and as a result, the average global temperature has 
increased between 0.6°C and 1°C in the same time period [4]. The International Panel on Climate Change 
(IPCC) predicts that, by the year 2100, the atmosphere may contain up to 570 ppm CO2, causing a rise in the 
mean global temperature of around 1.9°C and an increase in mean sea level of 3.8 m [5]. Continued uncontrolled 
greenhouse gas emissions may contribute to sea level increases and species extinction. There is an emerging
understanding that CCS technology offers a way of using fossil fuels while reducing CO2 emissions by 85% or 
more, while CCS is not the ‘silver bullet’ that in and of itself will solve the climate change problem, it is 
powerful addition to the portfolio of technologies that will be needed to address climate change [6]. 
CCS is actually a suite of technologies to carry out three operations: capture of CO2 emitted from industrial and 
energy-related sources before or after combustion, compressing it, and injecting it deep underground in secure 
geological formations, its disposal by a method that will ‘permanently’ isolate it from the atmosphere. There are 
three approaches to CO2 capture: pre-combustion, post-combustion and oxy-fuel combustion [7].  
Post-combustion capture offers some advantages as existing combustion technologies can still be used without 
radical changes on them. This makes post-combustion capture easier to implement as a retrofit option (to 
existing power plants) compared to the other two approaches. Therefore, post-combustion capture is probably 
the first technology that will be deployed [8]. There are several post combustion gas separation and capture 
technologies being investigated, namely; (a) absorption, (b) adsorption, (c) cryogenic separation, (d) membrane 
separation and (e) micro algal biofixation. Adsorption may be considered as a competitive solution, it is basically 
divided into two fold such as, adsorber beds (Alumina, Zeolite and AC) and regeneration methods (Pressure, 
Temperature, Vacuum and Electric swing). Its major advantage is to reduce the cost of CO2 capture by designing 
durable sorbents with efficient materials handling schemes, increased CO2 carrying capacity, lower regeneration 
energy requirements, faster reaction rates and minimum pressure drop. However, the application of adsorption 
from either technology, require easily regenerable and durable adsorbents with a high CO2 adsorption capacity. It 
has recently been reported that the cost of the CO2 capture can be reduced by using this technology [9]. 
Selection of the proper adsorbent is the most crucial step when designing a new adsorption process. For CO2

recovery in the process considered here, a material is needed that will selectively adsorb CO2 in the presence of 
CO. Because the process requires that we also produce CO2 during the blow down step, we need a material for




