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Abstract

The growing concern over global climate change because of increasing anthropogenic carbon
dioxide (CO32) emissions has triggered the requirement to develop technologies for reduction
of these emissions. Capture of CO2 by solid adsorbents has received attention because of its
ability to reduce energy penalty associated with capture process. This calls for the development
of adsorbent materials with high adsorption capacity, selectivity and fast Kinetics coupled with
good thermal and mechanical stability. Carbon based adsorbents have been extensively used
for adsorption of CO2. Synthesis of carbon materials, having specific pore structure, from
nanocasting technique have been reported by many research groups but their application to
CO:2 adsorption is very limited. The objectives of the present work are to develop
nanostructured carbon adsorbents having specific pore structure, from nanocasting technique,
for their application in CO2 capture under simulated flue gas conditions by dynamic method
and to investigate adsorption Kinetics, binary system adsorption equilibria and

thermodynamics.

In the present work, two different types of nanostructured carbons have been developed by
nanocasting technique by using different starting materials. Two polymeric materials namely
melamine-formaldehyde resin and resorcinol-formaldehyde resin have been synthesized and
were used as polymeric precursors for nanocasting method with mesoporous silica as hard
template. A series of adsorbents were developed by varying the carbonization temperature
followed by their thorough characterization. Fixed-bed experiments were carried out, under
different adsorption temperature and inlet concentrations, to evaluate their CO:2 adsorption
potential, selectivity and regenerability. Pure component adsorption isotherms for CO2 and N2
on the prepared carbons were also evaluated at four different temperatures ranging from 30—
100 °C and were then correlated with three pure component adsorption isotherm models
namely Langmuir, Sips, and dual-site Langmuir (DSL) models. Adsorption equilibria of binary
CO2-Nz adsorption was then predicted by extending Sips and DSL equations empirically along
with usage of ideal adsorbed solution theory and was compared with experimental data
obtained from the breakthrough curves through various phase diagrams. Thermodynamic
functions such as molar Gibbs free energy change, entropy change, and enthalpy change were
evaluated numerically for pure component system. Finally, energy duty for desorption of

adsorbed CO2 was also estimated.
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Mesoporous carbons having high nitrogen content were obtained from melamine-
formaldehyde resin as polymeric precursor. Carbonization temperature controlled the textural
parameters of nitrogen doped porous carbon adsorbents in consort with evolution of functional
groups associated with oxygen and nitrogen heteroatoms. Carbonization at 700 °C produced
porous carbons having maximum specific surface area of 266 m? g1 with nitrogen amount of
21 wt% and surface basicity of 4.07 meq gl. X-ray diffraction analysis and transmission
electron micrographs confirmed the development of nanostructured carbons with partial
amorphous character. CO2 capture performance of the prepared carbons was investigated in a
fixed-bed adsorption study set up at different temperatures (30 °C to 100 °C) under varying
COz2 concentrations (5-12.5%). Multiple cycles of adsorption-desorption were also carried out
to examine the reusability of the prepared carbons. Adsorbent synthesized at 700 °C exhibited
the highest dynamic CO2 adsorption capacity of 0.83 mmol gt at 30 °C under 12.5% CO> feed
concentration in N2. Breakthrough time and CO:2 equilibrium adsorption capacity were
investigated from the breakthrough curves and were found to decline as the adsorption
temperature increased. Experimental CO2 uptake data at all adsorption temperatures was fitted
to three kinetic models with fractional order model giving the best fit to the experimental data
over the entire range of adsorption with maximum error of 5% between data predicted by
Kinetic models and data obtained from breakthrough experiments. From three isotherms models
used to analyze the equilibrium data of pure component system, Sips and dual-site Langmuir
isotherm models presented a nearly perfect fit implying the heterogeneous adsorbent surface.
But their extended forms along with ideal adsorbed solution theory failed in explaining binary
CO2 adsorption equilibria. Thermodynamic parameters confirmed the feasibility of adsorption
process and indicated the formation of more ordered configuration of CO2 molecules on
adsorbent surface and hence exhibited higher heats of adsorption as compared to No.
Additionally, isosteric heat of adsorption was found to vary with surface coverage implying

heterogeneous adsorbent surface with an average value of 17 kJ mol?,

Silica templated nanostructured carbons were developed from resorcinol-formaldehyde
polymeric precursor by varying the carbonization temperature from 400 °C to 800 °C. Prepared
carbons were characterized thoroughly for their textural, chemical and surface properties
followed by dynamic CO2 capture performance at various adsorption temperatures from 30 °C
to 100 °C under simulated flue gas conditions. Both the textural properties and surface

chemistry had an effect on the CO2 adsorption performance of the prepared carbons. RF-700
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exhibited the highest dynamic CO2 uptake of 0.761 mmol g at 30 °C in a binary mixture of
12.5% COz2 in N2 attributing to well-developed porous structure and high surface basicity of
1.93 meq gl. It also demonstrated high selectivity towards CO2 over N2 and stable adsorption
capacity over multiple adsorption-desorption cycles. CO2 adsorption on prepared carbons was
well described by fractional order kinetic model. Mixed-gas adsorption equilibria of CO2 and
N2 on RF derived carbons could not be explained by various isotherm models and IAST which
was due to dissimilar adsorbate molecules, adsorptive strengths and adsorbent heterogeneity.
Total and partial adsorbed amounts and selectivity towards CO2 were highly under estimated
by these isotherm equations. Thermodynamics of CO2adsorption on carbon material suggested
exothermic and spontaneous nature of the process. Thermal energy required for desorption of
CO2 was also estimated to be around 1.9 MJ per kg CO2 with average isosteric heat of
adsorption of 15.74 kJ molL.
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Chapter 1 — Introduction

1.1 Greenhouse gases and global warming

Anthropogenic greenhouse gas (GHG) emissions are deemed to be the foremost reason of
global climate change. Major greenhouse gases in the atmosphere are carbon dioxide (CO2),
methane (CHa), nitrous oxide (N20), 0zone (Os3), perfluorocarbons (PFCs), hydrofluorocarbons
(HFCs) and sulphur hexafluoride (SFe) [1]. In the last decade (2000-2010), anthropogenic
GHG emissions have been increasing at a very fast rate with average increase of 1 gigatonnes
CO2-equivalents (GtCOz2eq) per year (~2.2% per year) as compared to the previous three
decades (1970-2000) with an average increase of 0.4 GtCO2eq per year (~1.3% per year). In
2010, total GHG emissions have reached the values of 49+4.5 GtCO2eq with CO2 being the
major contributor, accounting for 38+3.8 GtCO2eq (~76%), followed by methane (7.8+1.6
GtCO2eq), nitrous oxide (3.1+1.9 GtCO2eq) and fluorinated gases (140.2 GtCO2eq). Increase
in global emissions of all the major greenhouse gases between 1970 and 2010 is shown in
Figure 1.1. Increase in total GHG emissions has mainly come from energy supply, transport
and industry sectors. Growth in emissions from buildings (residential and commercial),
agriculture and forestry sectors is at a lower rate [2].

50 7

40 -~

10 7

GHG Emissions (GtCO5eq)
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m Carbondioxide  mMethane = Nitrous oxide ® Flourinated gases

Figure 1.1 Global greenhouse gas emissions during 1970-2010 [2]



Major sources of GHG emissions i.e. energy, transport and industry sectors produce GHGs by
the burning of fossil fuels like coal, oil, etc. and at present, more than 80% of the world’s
energy requirement is furnished by them [3]. Moreover since 1980, the energy demand has
almost doubled and is expected to rise to 85% by 2050 [4]. Among all the GHGs, COz is the
major contributor to global warming (~76%) on account of its very high emissions in the
atmosphere though it has the lowest global warming potential. Fossil fuel combustion
contributes to a major part in total anthropogenic CO2 emissions. Anthropogenic CO:
emissions from combustion of fossil fuels reached 32+2.7 GtCOzeq in 2010 and increased
additionally by 3% and 1-2% in 2010-2011 and 2011-2012 respectively [2]. Atmospheric CO2
concentration level has reached a value of ~401.8 ppm in 2014 from a value of ~280 ppm in
1750 i.e. an increase of ca. 45% and is expected to reach up to 570 ppm by 2100. Average
annual rate of increase of atmospheric CO2 concentration has almost doubled from < 1 ppm
per year before 1970 to 2.1 ppm per year in the last decade (2005-2014) [5, 6].

This uncontrollable increase in CO: levels, due to strong dependence on fossil fuels for energy
requirements, has resulted in increase in average global temperature associated with
widespread changes in weather patterns. This will also lead to glaciers retreat, increased
melting of surface ice and rise in global mean sea level. The linear warming trend over the last
50 years (1956-2005) has almost doubled as compared to that for 100 years (1906—-2005) [7].
Arctic ice has been reported to be thinned by 40% in recent decades. A rise in the global sea
level by 0.19 m is observed during the period 1901-2010. There is an increase in the frequency
of the extreme weather events like large storms, heat waves, droughts, heavy rainfall and wild
fires in the recent times. Oceans store large amounts of CO2 but increased concentration of CO2
has lead to increase in acidity and hence a drop in pH by 0.1 which has harmful effects on the
marine life [8-10]. Current rate of increasing CO:2 levels will lead to rise in average global
temperature by 2-6 °C by the end of 21% century. Stabilization of CO2 concentration at the
level of 450 ppm is considered as threshold to avoid the owvershoot of average global
temperature rise by 2 °C by the year 2100. Global CO2 emissions need to be reduced by 50%
to limit the global warming below 2 °C [11]. Hence, immediate measures need to be taken to
address these increasing CO2 concentrations as this trend will continue for coming decades as

fossil fuels will persist to be the foremost energy source.



1.2 Mitigation pathways

To reduce increasing CO2 concentrations, various approaches can be adopted such as reduction
in energy demand by improving the efficiency of energy conversion devices, decreasing carbon
intensity by switching to less carbon-intensive fuels or by using renewable energy sources
and/or nuclear energy, reduction of non-CO2 greenhouse gases and carbon dioxide capture and
sequestration (CCS) system. Among the mentioned pathways, CCS is considered to be a key
technology to drastically reduce increasing CO2 concentrations in the near term while allowing
the usage of fossil fuels for meeting the energy requirements [12, 13]. Alternative sources of
energy like renewable sources (wind, solar etc.), nuclear energy sources, hydrogen and biomass
appear to hold great potential but they are still under development and are not yet commercially
viable to meet the present energy demands. CCS could act as a bridging strategy in providing
time for the advancement of fossil fuel alternatives along with decrease in overall CO:2
mitigation cost. According to Intergovernmental Panel on Climate Change (IPCC), a power
plant outfitted with CCS technology has the potential to capture around 80-90% of CO2

emissions to the atmosphere [14].

1.3 Carbon dioxide capture and sequestration

Carbon dioxide capture and sequestration is based on the concept of capturing anthropogenic
CO2 generated from energy sources, without allowing discharge into the atmosphere, followed
by transportation to a storage site and sequestering it permanently in the storage site [8, 15].
Various parameters such as fuel cost, capture plant’s scale, characteristics of power plant’s
technology and storage site, distance between capture location and storage site etc. are to be
considered while evaluating the cost involved in the application of CCS on fossil fuels. Cost
of CO2 capture and separation is a major part (~70-80%) of the total sequestration cost.
Transportation and storage (siting, modeling, drilling, injection, site closure, and monitoring)
are usually a marginal portion of the total cost [13]. For the transportation of CO2, well-known
technologies are available which were originally developed for enhanced oil recovery.
Potential storage sites include geological formations like oil and gas fields, deep saline
formations and unminable coal beds, oceans by direct release into the ocean water column or
onto the deep seafloor, and industrial fixation of CO2into inorganic carbonates. Large number
of geological formations indicates them as promising storage options and it is estimated that
around 1120-3400 GtCOz2 can be sequestered in the formations recognized until now [16]. But

sequestration requires concentrated and high pressure CO2 stream considering the economics
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involved in its transportation and injection into the storage site. Therefore, development of an
efficient and cost-effective COq capture technology holds the highest priority in the field of
CCs.

1.3.1 CO; capture technologies

CO2 capture is generally applied to large point sources including fossil fuel based energy units,
oil refineries, natural gas generation units, major CO2 liberating industries etc. Capture from
small and mobile sources for example transportation sources, commercial and residential
building sectors are deemed to include higher costs and difficulty as compared to capture from
large point sources. Three approaches are available for CO: capture, based on process
application, namely post-combustion, pre-combustion and oxy-fuel combustion capture

technologies and their schematic diagram is presented in Figure 1.2.
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Pre-combustion CO2 capture deals with capturing CO2 prior to fossil fuel combustion. This is
done by either gasification or partial oxidation of fuel to produce synthesis gas (carbon
monoxide and hydrogen) followed by water gas shift reaction to produce CO2and additional
Hz. Produced CO: is removed and H: is used as fuel in various applications. Fuel conversion
is an expensive and complex process but CO2 pressure and density in the gases leads to its easy
removal and small equipment size. This technique is generally used in hydrogen generation
and fertilizer industry and can be used in integrated gasification combined cycle (IGCC) plants
[17, 18].

Oxy-fuel combustion technology uses high purity oxygen (> 95% purity) instead of air for the
combustion of fossil fuel thereby resulting in high concentration of CO2 (> 80%) in flue gas
stream. This helps in easy separation of CO:2 but at the expense of high energy requirements
for upstream separation of oxygen from air. It has been estimated that oxygen requirement in
an oxy-fuel combustion system is almost three times the requirement in an IGCC plant of
comparable size, thereby adding significant cost due to air separation units [19, 20]. Moreover,
large part of the flue gas needs to be recycled back to maintain temperature in the boiler because

of higher combustion temperatures with pure oxygen than with air [21].

Post-combustion capture technology is a downstream process and is based on the separation of
CO2in flue gas generated from fossil fuel combustion. It imposes remarkable design challenge
because of high temperature of flue gas and low CO2 partial pressure in flue gas [22]. Selection
of capture technology depends on the type of fuel used, pressure of gas stream and CO:
concentration in flue gas stream. Pre-combustion capture technique is applicable to gasification
units while oxy-fuel combustion can be applied to new plants or retrofitted to existing plants.
Post-combustion capture is generally applicable to coal-fuelled power plants which are air
fired. Moreover, it has the utmost potential in mitigating CO2 emissions in the near term as it
can be retrofitted to existing power plants which contribute to two-thirds of CO2 generation
[16, 23].

1.4 Post-combustion capture technologies

Major challenge for post combustion CO2 capture is the handling of large volumetric flow rates
of flue gas at almost atmospheric pressure with low concentrations of CO2, typically <15% in

temperature range of 100-150 °C [24, 25]. Coal fired plants produce flue gas with CO:2
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concentration in the range of 7-14% while only 4% CO: is present in gas-fired combustion
flue gas [26]. The available post-combustion capture technologies include absorption,

membrane separation, cryogenic distillation and adsorption.

CO2 capture by absorption is the widely established technology in chemical and petroleum
industries and is based on the separation by the use of chemical solvents such as aqueous amine
solutions of alkanolamines e.g. monoethanol amine (MEA), diethanol amine (DEA),
methyldiethanol amine (MDEA) etc.,, ammonia solution, rectisol (chilled methanol),
poly(ethylene glycol) dimethyl ether, fluorinated solvents etc. Despite being a mature
technology, it has various disadvantages like equipment corrosion, solvent degradation and
toxicity and high energy requirement for regeneration which impede its implementation [27,
28].

Membrane separation is based on the difference between the physical or chemical interactions
between various gas components and membranes and hence allows the preferential
permeability to some components of gas. Various organic and inorganic membranes have been
employed for the separation. This technique is associated with small equipment size, low
energy requirement and easy addition to existing power plants without any complicated
integration. But they are highly efficient under high concentrations of gas streams only and low
concentration of CO2 in post-combustion capture, high flue gas temperatures and membranes
fouling make them an inappropriate approach for CO2 capture. Moreover, it is relatively anew

technique and there is a trade-off between its permeability and selectivity [29-31].

Cryogenic distillation is based on the assumption that all the components of flue gas other than
N2 and CO2 have been removed. Temperature and pressure conditions in the cryogenic
chamber are manipulated such that CO: is liquefied while keeping N2 in the gas form. Highly
pure liquid CO2 is obtained from this distillation process which is ready for transportation. But
this process is highly energy extensive process and is viable only for very high CO:2

concentrations thereby making this technique unsuitable for practical applications [32, 33].

Post-combustion CO: capture by adsorption process has gained great attention as a viable
alternative to the currently used, high energy-demanding aqueous amine absorption
technologies because of ease of application, low energy requirements and low equipment cost.

This technology uses a porous solid adsorbent to selectively remove CO2 gas based on gas-
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solid interactions. A wide variety of solid adsorbents like zeolites, activated carbons, silica,
amine modified adsorbents etc. have been reported for capture of CO>2 from flue gases. But
these conventional adsorbents suffer from large pressure and/or temperature gradient between
adsorption and desorption steps and low selectivity towards CO2. Thus, development of an
effective and selective adsorbent for CO2 capture will make adsorption the most promising

technology.

1.5 The scope and objectives of thesis

It has been found that conventional adsorbents exhibit low selectivity and poor performance
under humid conditions. Extensive work has been carried out on amine modified adsorbents
for CO2 capture. But impregnation of amines or high thermal treatments with various chemical
agents is sometimes considered less favorable because this leads to blocking of pores of the
adsorbent. Hence, many efforts have been made to fabricate materials with well-developed
pore structure and enhanced selectivity towards CO2. Among the available adsorbents, carbon
based adsorbents have been selected for the present study as they can be prepared from a wide
range of starting materials and their porous structure can be tailored based on the application.
Most of the carbon adsorbent development has been conducted by direct carbonization and/or
activation (physical or chemical) of various starting materials. The objective of this work is to
develop carbon adsorbents with specific pore structure; hence we have selected the
development of carbons by nanocasting technique. Very few research groups have developed
carbon adsorbents from nanocasting technique for CO2 capture from flue gas. Moreover, most
of the adsorbents developed for CO2 capture have been evaluated under static flow conditions
generally at room temperature or 0 °C which is not pertinent to flue gas application. Hence, we
aim to develop carbon adsorbents from nanocasting technique followed by their evaluation for

CO. capture under dynamic flow conditions.

The owverall objective of the research is to develop effective adsorption process for the
continuous removal of CO2. The specific objectives are:
e Synthesis of adsorbents with specific pore structures and surface areas using
nanocasting technique using various polymers and inorganic template materials.
e Characterization of the synthesized adsorbents for their relevant properties.
e Performance evaluation of the adsorbents with simulated post-combustion CO2 capture

conditions.



e To fit the equilibrium and kinetic models for the experimental data.

e Regeneration study of the adsorbents.

1.6 Thesis overview

This thesis has been divided into six chapters. Two different polymeric precursors were used
to develop carbon adsorbents by nanocasting technique. Thorough characterization of the
prepared carbons was carried out to investigate their textural, surface and chemical properties.
Techniques used for the characterization include nitrogen sorption isotherms, X-ray diffraction
(XRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM),
thermogravimetric analysis (TGA), elemental analysis (CHNS), Fourier transform infrared
(FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS), and surface functional groups
by Boehm titration method. Dynamic adsorption-desorption experiments were conducted in
the fixed-bed system to evaluate their CO2 adsorption capacities, selectivity and regeneration
under simulated flue gas conditions. Equilibrium uptake of pure CO2 and N2 was also
investigated at different adsorption tempertaures. Adsorption of CO:2 on these adsorbents was

also evaluated from Kinetics, isotherm and thermodynamics point of view.

Chapter 1 is introduction which covers the background and the problem statement. It covers
the various greenhouse gases especially CO2 and its impact on global climate. Various

approaches for mitigating CO2 emissions have been introduced in this chapter.

Chapter 2 discusses the literature review on the adsorption technology followed by detailed
study on various adsorbents for CO2 capture. More emphasis has been given to carbon based

adsorbents as the current work focuses on them.

Chapter 3 covers the materials used in the work and the experimental methods used for the
characterization and performance evaluation of the prepared adsorbents. The experimental
setup (for fixed-bed adsorption study) used for carrying out the adsorption-desorption
experiments is also presented in this chapter. Theories of various adsorption Kinetic and
isotherm models (both pure and binary component) and thermodynamic parameters are also

discussed.



Chapter 4 discusses the synthesis of carbon adsorbents from melamine-formaldehyde resin via
nanocasting technique followed by thorough characterization. CO2 adsorption performance of
the prepared carbons has been evaluated and the results are related with their physico-chemical
properties. The optimized sample of this series was further studied under simulated flue gas
conditions at varying adsorption temperatures. This chapter also includes the complete kinetic,
isothermal and thermodynamic study of CO2 adsorption on the optimized sample along with
energy calculation required for desorption. Equilibrium adsorption-desorption of the optimized
sample was also carried out under pure CO2and N2 atmospheres at four different temperatures.
Mixed-gas adsorption equilibria and selectivity of the prepared carbons were predicted by
binary component isotherm models along with application of ideal adsorbed solution theory to

these models and was then compared with the experimental data.

Chapter 5 covers the development and characterization of nanostructured carbons from
resorcinol-formaldehyde resin and mesoporous silica as polymeric precursor and hard template
respectively. CO: adsorption-desorption studies on these carbons were carried out under
dynamic conditions and again the optimized sample was investigated comprehensively. Static
adsorption capacities of the optimized sample were evaluated at varying temperatures under
100% CO2 and N2 conditions. Kinetic models were fitted to the experimental data and
thermodynamic parameters were also calculated. Pure component and binary component
equilibria were fitted by using the single component and binary system isotherm models.

Finally, energy duty required for desorption of adsorbed CO2 was investigated.

Chapter 6 presents the conclusions and the recommendations for the future work.



Chapter 2 — Literature Review

Increasing atmospheric CO2 concentrations and its detrimental effect on the global climate has
triggered an urgent need to develop CO: reduction technologies. Carbon dioxide capture and
sequestration is a bridging technology to reduce increasing CO2 emissions from large point
sources along with allowing the use of fossil fuels for meeting the energy demands. Choice of
suitable CO2 capture technology depends on the characteristics of the flue gas ie.
concentration, pressure and temperature which further depends on the power plant technology.
Various capture methods including absorption, membrane separation and cryogenic distillation
are energy-intensive and expensive. CO2 capture from flue gas by the use of porous materials

appears to be a promising technology but effective adsorbents need to be developed.

2.1 Adsorption technology

Adsorption is the process where a molecule becomes selectively attached (adsorbed) onto a
surface of another phase. Thus, by using special solids called adsorbents, substances from
gaseous (or liquid) mixtures can be selectively removed. The separation of a substance, the
adsorbate, is achieved by its accumulation at the surface of the adsorbent. Depending on the
nature of interaction between the adsorbent and adsorbate molecules, adsorption can be
classified as physical adsorption and chemical adsorption (chemisorption). Physical adsorption
is based on weak Van der Waal forces while chemisorption involves the chemical bond

between adsorbent and adsorbate molecules.

A critical step in the adsorption process is the removal of the captured CO2 from the adsorbent,
a process called regeneration or desorption. Adsorbents need to be regenerated periodically so
that they can be used in cyclic adsorption processes. There are a variety of methods to force an
adsorbent to release the adsorbed components and these depend on the properties of the
adsorbents. On this basis, adsorption process can be carried out by means of (i) isothermal
regeneration means, like pressure swing adsorption (PSA), including vacuum (VSA) or (ii)
non-isothermal regeneration means, like temperature swing adsorption (TSA) or acombination
of pressure and temperature gradients (PTSA) [34-36]. In case of TSA, adsorbed gas molecules
are desorbed by raising the temperature of the system while in case of PSA, depressurization

is carried out for desorption to take place. For a PTSA system, desorption takes place under
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low pressure and high temperature conditions. In TSA, adsorption is favored at low
temperatures whereas high temperature leads to desorption of adsorbed molecules [37, 38].
Electric swing adsorption (ESA) is an alternative non-isothermal regeneration technique which
uses the electricity through the conductor (Joule effect) to increase the temperature thereby
facilitating desorption of adsorbate molecules [39]. PSA processes are based on adsorption of
the adsorbate molecules (e.g., COz2) on solid adsorbent under high pressure conditions with
recovery of the adsorbed gas at low pressures [40, 41]. For CO2 capture from power plants,
PSA is a commercially available technology with efficiency of > 85% [42]. TSA includes
longer regeneration times than PSA but high purity CO2 (> 95%) can be achieved with more
than 80% recovery [43].

2.2 Types of adsorbents

Commercially available adsorbents include zeolites, activated alumina, silica, activated
carbons and polymeric adsorbents [44, 45]. For an economical technology in CO2 separation
process, the ideal set of requirements for an adsorbent include high adsorption capacity,
selectivity towards CO2 over other gases present in the stream, fast adsorption Kinetics, easy
regenerability, stability and low cost. But it is difficult to develop an adsorbent that meets all
these requirements. For effective capture of CO2 by adsorption process, strengths and
limitations of each adsorbent should be considered. Eventually, adsorbents that can work

effectively within the practical CO2 capture process will be the winners.

Research has demonstrated that only activated carbon and zeolites can find applications in CO2
separation. Silica materials have been extensively modified with various amines prior to their
application in CO2 capture. Following sections discuss the research carried out on various
adsorbents. Carbon based adsorbents will be discussed more in this review as they are the focus

of the present work.

2.2.1 Zeolites

Zeolites are highly ordered crystalline microporous aluminosilicates with large internal specific
surface areas and volumes. They are used in separation applications and most widely as mainly
adsorbents for CO2 capture processes because of their unique ability of molecular sieving [46-
48]. They are generally used at high pressures (> 2 bar) and their adsorption capacity is reported
to reduce drastically in the presence of moisture in gas stream. Polar water molecules get
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preferentially adsorbed on zeolite surface because of its hydrophilic nature and block the access
for CO2 thereby reducing CO: adsorption capacity. This leads to regeneration of zeolites at
very high temperatures (> 300 °C) thereby imposing large energy for their regeneration [49-
51]. Many research groups have reported the CO2 uptake on commercially available zeolites
of various types (X, Y, A etc.) and synthesized zeolites mainly zeolites 13X and 5A. Zeolite
13X adsorbent showed CO2 adsorption capacity of 6.5 mmol g at 25 °C and 10 bar [52] while
synthesized zeolite 5A showed equiliborium CO:2 uptake of ~4.7 mmol g at 25 °C and 1 bar
with single component CO2/Nz selectivity = 8.45 [53]. Siriwardane et al. [54] reported static
equilibrium CO2 adsorption capacity of 3.64 mmol g*and 3.07 mmol g at 25 °C and 1 bar

for commercial zeolites 13X and 4A respectively.

Some research groups have modified the conventional zeolites with various amines in order to
improve their CO2 adsorption capacities at high temperatures. For example, Jadhav et al. [55]
modified zeolite 13X with different loadings of monoethanol amine (MEA) via impregnation
method. The amine modified samples showed lower dynamic CO:2 adsorption capacity as
compared to unmodified zeolite for adsorption at 30 °C and 50 °C while the trend was opposite
for adsorption at 75 °C and 120 °C. At 75 °C and 120 °C, amine modified samples showed
CO2 adsorption capacity of 0.35 and 0.49 mmol g! respectively against 0.28 and 0.14 mmol ¢
1 of unmodified zeolite under same conditions. Despite the reduction in surface area and pore
volume of zeolite 13X due to impregnation, higher CO2 capacities at these temperatures are
because of chemical interactions between amine groups on zeolite and CO2 molecules. In
another work, zeolite 13X was modified with various amines namely MEA, ethylenediamine
(ED) and isopropanol amine (IPA) and the effect of various parameters such as kind of solvent
used, time for shaking, temperature etc. on amine loading was studied. At 75 °C, dynamic CO:2
uptakes were in the order of IPA modified zeolite (0.52 mmol g1) > MEA modified zeolite
(0.45 mmol g't) > bare zeolite (0.36 mmol g*) under 15% CO2 balance in He flow. Equilibrium
adsorption capacity of MEA modified zeolite and bare zeolite at 75 °C under 100% CO2 was
found to be 1.1 and 0.85 mmol g respectively [56].

Xu et al. [57] reported the incorporation of MEA on f-zeolite and determined the uptake of
various gases (COz2, CHs and N2) by volumetric method at 30 °C. Static equilibrium adsorption
capacities of CO2, CH4 and N2 by MEA modified (40 weight%) f-zeolite were found to be ca.
0.80, 0.17 and 0.03 mmol g respectively at 30 °C and 1 bar thereby showing very high
selectivity of CO2/N2=25.67. While parent -zeolite showed CO2/N2 selectivity of 12.19 under
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same adsorption conditions. Fisher et al. [58] reported CO:2 adsorption capacity up to 2.08
mmol g! at 30 °C in 10% CO: balance argon flow by p-zeolite impregnated with
tetraethylenepentamine (TEPA).

2.2.2 Silica based adsorbents

Mesoporous silica materials have received great attention in the field of CO2 capture despite
their very low CO2adsorption capacities. This is because they exhibit high surface area, tunable
porous structure; facilitate faster diffusion of gas and abundant hydroxyl groups present on
their surface allow grafting of amine groups thereby enhancing their affinity for CO:2
molecules.

CO2 adsorption in amine-impregnated mesoporous silica was first reported by Xu et al. [59].
They impregnated polyethyleneimine (PEI) on MCM-41 silica by wet impregnation method
and termed the adsorbent as “molecular basket” [60-63]. Adsorption capacity of PEI-
impregnated MCM-41 improved with increase in PEI loading and maximum CO:2 adsorption
(determined by thermogravimetric analysis) of 3.02 mmol g! was achieved for sample with 75
wit% PEI loading under 100% CO2 atmosphere at 75 °C. But sample with 50 wt% PEI loading
showed the maximum efficiency ie. CO2/PElI molar ratio and it showed CO: uptake of ~2.1
mmol gt at 75 °C under 10% CO2 in N2 [59]. Also adsorbents obtained from one-step wet
impregnation method were found to be better than those obtained from two-step impregnation
and mechanical mixing method [63]. The adsorption capacity of PEI-impregnated MCM-41
adsorbents improved as temperature increased from 25 °C to 75 °C [60, 62, 63]. Effect of
moisture on PEI-impregnated MCM-41 for CO2 adsorption was studied in simulated flue gas
and flue gas from a natural-gas-fired boiler [61]. Increase in adsorption capacity was noted for
moisture concentration in the feed equal to or lower than CO2 concentration. CO3 adsorption
capacity increased to 2.84 mmol g in stream having 10% moisture and 13% CO2 in air from
2.01 mmol g in simulated dry flue gas having 15% CO3. But for higher moisture content in
the feed stream, no further rise in adsorption capacity was observed.

Franchi et al. [64] impregnated diethanolamine (DEA) on a pore-expanded MCM-41 (PE-
MCM-41) and compared its CO2 adsorption capacity (obtained gravimetrically) with zeolite
13X. Larger pore size and pore volume of PE-MCM-41 allowed for greater loading level of

amine agents, thereby having higher CO2 adsorption capacity of 2.93 mmol g at 25 °C in 5%
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CO2 atmosphere. Moisture had insignificant effect on CO2 uptake of DEA-loaded PE-MCM-
41,

Belmabkhout et al. [65] prepared MCM-41 type mesoporous silicas and evaluated them for
COzcapture at different temperatures from 60 °C to 120 °C. Mesoporous silica prepared at 100
°C i.e. MCM-41-100 showed CO2 adsorption capacity of 0.66 and 14.7 mmol g at 1 bar and
45 bar respectively at 25 °C. Pore-expanded mesoporous silica (PE-MCM-41), obtained by
hydrothermal treatment of prepared MCM-41-100, was grafted with a triamine and was studied
for CO2 adsorption by gravimetric method from very low pressure up to 1 bar at four different
temperatures. This grafted silica (TRI-PE-MCM-41) exhibited high CO2 adsorption capacities
of ca. 2.8 mmol gt at 25 °C and 1 bar and very small uptakes of N2, CHs and Hz showing high
selectivity towards CO2. CO2 adsorption capacity of TRI-PE-MCM-41 was found to improve
in the presence of moisture due to partial formation of bicarbonate in presence of moisture [66,
67].

Various mesoporous silica materials like MCM-41, MCM-48, SBA-15, SBA-16, and KIT-6
were impregnated with 50 wt% PEI followed by evaluation for COg2 adsorption by
thermogravimetric analyser. CO: adsorption performance of these impregnated silicas was
strongly dependent on the pore size of mesoporous silica. KIT-6 having largest pores in 3D
arrangement exhibited CO2 uptake of 3.07 mmol g and 1.95 mmol g?! under pure CO2
atmosphere and 5% COz2 respectively at 75 °C whereas MCM-41 showed the lowest CO2

uptake of 2.52 mmol g under similar experimental conditions [68].

Chen et al. [69] reported CO2 adsorption on PEI and tetraethylene penta amine (TEPA)
impregnated monolithic silica. For 5% CO2 feed stream, 65% PEI loaded monolith silica
exhibited a maximum gravimetric adsorption capacity of 3.75 mmol gt at 75 °C outperforming
PEI modified KIT-6[68] under same conditions. TEPA modified monolith silica exhibited CO2
adsorption capacity of 5.91 mmol g at 75 °C under 100% CO> flow but it showed a steady

decrease in adsorption capacity during a 5 run adsorption—desorption cycle.

Ma et al. [70] impregnated 50 wt% PEI on SBA-15 adsorbent and reported its CO2 adsorption
capacity of 3.18 mmol g!at75°C in 15% CO2atmosphere. Because of the larger pore diameter
and pore volume of SBA-15 than MCM-41, PEI modified SBA-15 adsorbent used the amine

groups more efficiently under the same loading of 50 wt% PEI and hence had much higher
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CO2 adsorption capacity than PEI modified MCM-41 adsorbent. Sanz et al. [71] studied CO2
adsorption at 45 °C on branched PEI impregnated on SBA-15 silica by single component
adsorption isotherms. CO2 adsorption capacity increased with amine content but specific
efficiency per unit PEI content decreased. Maximum static CO2 adsorption capacity of ~2
mmol g was shown by 70 wt% PEI impregnated SBA-15 at 45 °C and 1 bar.

2.2.3 Carbon based adsorbents

Carbon based adsorbents have been considered as potential CO2 adsorbents because of their
well-developed porous structures, high adsorption capacities, fast kinetics, easy regeneration
and high thermal and chemical stability. Furthermore, they can be obtained from large variety
of widely available low cost sources [72-74]. Various carbon based adsorbents are activated
carbons, carbon molecular sieves [75-77] and carbon nanotubes (CNT) [78]. Large variety of
activated carbons have been synthesized from a variety of materials like coal, industrial
byproducts, wood or biomass sources etc. and have been evaluated for CO2 adsorption [79,
80].

2.2.3.1 Commercial activated carbons

Various commercial activated carbons available have been evaluated for CO: capture by
various research groups under different evaluation conditions. Na et al. [81] evaluated
commercial activated carbon for CO2 capture under pressure swing adsorption process and
reported equilibrium adsorption capacity of 3.2 and 1.6 mmol g at 15 °C and 55 °C
respectively at 1 bar under pure CO: flow. MAXSORB activated carbon showed static
equilibrium CO2 adsorption capacity of 25.7 mmol g* at 30 bar and 25 °C [82]. In another
work, CO2 adsorption isotherms on Ajax activated carbon were carried out at three different
temperatures at a pressure up to 0.2 bar. As adsorption temperature increased from 25 °C to
100 °C, volumetric CO2 adsorption capacity was found to decrease significantly from around
0.75t0 0.11 mmol g* [83].

2.2.3.2 Carbon adsorbents from renewable resources

In the recent time, porous carbons have been produced by direct carbonization and/or activation
of various waste materials and biomass residue like fly ash, rice husk, carpet waste, coconut
shell, cellulose etc. because of their easy availability and evaluated for CO2 capture. Highly

porous carbons were obtained from carbonization and subsequent chemical activation with
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potassium hydroxide (KOH) of waste celtuce leaves. They exhibited surface area of 3404 m?

g! and equilibrium CO2 uptake of 4.36 mmol g at 1 bar pressure and 25 °C [84].

Fly ash derived carbons were impregnated with organic bases like polyethyleneimine (PEI)
aided by polyethylene glycol, tetraethylene-pentaamineacrylonitrile  (TEPAN) and
diethanolamine (DEA). These materials exhibited CO2 uptake of 0.91-1.3 mmol g at 75 °C
in pure CO2 flow [85]. In another work, fly ash carbons were steam activated prior to amine
impregnation to improve the textural properties. Activated fly ash samples were impregnated
with 3 different amine solutions ie. MEA, DEA, and MDEA followed by CO:2 capture
performance evaluation at various temperatures. Impregnation lead to decrease in the specific
surface area of the carbons by blocking of the pores. At 30 °C, MEA impregnated carbon
showed the highest CO2 uptake of 1.56 mmol ¢! ascompared to parent activated fly ash carbon
(0.95 mmol g1). At higher adsorption temperatures, all the impregnated samples demonstrated
higher CO2 uptakes than parent activated carbon due to chemical adsorption of CO2 on carbon
materials [86].

Plaza et al. [87] developed activated carbons from biomass residue i.e. olive stones by CO:2
activation and treatment with ammonia (NH3). CO2 activated carbons showed CO: uptake of
2.4 mmol g!and 0.7 mmol gt under 100% CO:2 atmosphere at 25 °C and 100 °C respectively.
On the other hand, NHa treated carbons exhibited CO2 capacities of 1.9 mmol g* and 0.6 mmol
gl at 25 °C and 100 °C respectively. Later on, they reported almond shell based activated
carbons obtained from activation with CO2 having CO2 adsorption capacity of 1.2 mmol g in
binary mixture of 15% CO2 in N2 and 2.6 mmol g under 100% CO2 atmosphere at 25 °C.
Aminated almond shells based carbons, having maximum 4.5% nitrogen content, showed CO2
uptake of 1.1 and 2.2 mmol g ! under 15% and 100% CO: flow respectively at 25 °C [88].

Thote et al. [89] synthesized nitrogen enriched carbons from soybean by chemical activation
with zinc chloride followed by physical activation with CO2. Specific surface area of the
prepared carbon was comparable to that of commercial activated carbon but it exhibited better
dynamic CO> adsorption capacity (0.51 mmol g1) than that of the commercial carbon (0.36
mmol g1) at 75 °C under 15.4% CO2 concentration. This is attributed to the basic character of
the adsorbent because of presence of nitrogen functionality in the carbon matrix. This adsorbent
showed stable cyclic capacity for adsorption at 30 °C but could not be regenerated completely

in the second cycle for adsorption at 75 °C thereby showing zero adsorption in the next cycle.
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Carbon adsorbents were obtained from carbonization and activation with KOH of waste carpet
materials. Type of precursor used and activation conditions have a strong effect on the porous
properties and CO2 uptake of the carbons. Maximum CO2 uptake of 3.13 mmol g at 30 °C
under 100% CO:2 flow was achieved but it reduced drastically to 0.7 mmol g with rise in
adsorption temperature to 100 °C. CO2 uptake achieved, under 15% CO2 concentration, was
0.89 mmol g*and 0.16 mmol g at 25 °C and 100 °C respectively [90].

In another work, porous carbons were produced from hydrothermal carbonization and chemical
activation with KOH of polysaccharides (starch and cellulose) and biomass (sawdust). These
carbons showed static CO2 adsorption capacity of 4.8 mmol g at 25 °C and 3.6 mmol g* at
50 °C at 1 bar pressure. A very fast adsorption kinetics, with 95% uptake in around 2 minutes,
and selectivity of CO2/N2 =9 (from single component isotherms) were observed for these
carbons [91].

2.2.3.3 Carbon adsorbents from synthetic polymers

In addition to the conventionally available activated carbons and waste material or biomass
derived carbons, synthetic polymers have been used extensively these days as polymeric
precursor for producing porous carbon materials as they help in tuning their pore structure,
morphology and allows better control over their chemical properties and hence surface
chemistry. Various methods used for synthesizing porous carbons include carbonization of
carbon-containing precursor, sol-gel process, chemical vapor deposition and nanocasting or
templating method. Generally expensive reagents, large amount of organic solvents and
complex synthesis steps are involved in these techniques. Moreover obtaining carbon materials
with controlled pore structures, from conventional activation techniques, becomes a big
challenge because of complexity of carbon structure evolution. However, use of nanocasting
technique can help in overcoming these drawbacks [92, 93]. In this part, literature study on
porous carbons has been divided into two groups based on synthesis process (a) template free
synthesis i.e. by carbonization and/or activation of carbon-containing polymer, and (b)

templating method i.e. by nanocasting technique.

2.2.3.3.1 Template free synthesis
Drage et al. [94] prepared nitrogen containing carbons from urea-formaldehyde (UF) and

melamine-formaldehyde (MF) resins by chemical activation with potassium carbonate. CO2
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uptake on these carbons was studied by thermogravimetry and was found to depend on both
their textural properties and surface chemistry. UF and MF based carbons showed CO: uptake

of 1.86 and 1.03 mmol g* at 25 °C under pure CO2 respectively.

Hao et al. [95] synthesized nitrogen doped carbons from direct pyrolysis of resorcinol and
formaldehyde in the presence of amino acid L-lysine as catalyst. CO: uptake of these carbons,
determined volumetrically, was found to be 3.13 mmol g at 25 °C and 0.62 mmol g at 120
°C under 100% CO2 flow at 1 bar.

Sevilla et al. [96] prepared N-doped carbons from chemical activation of polypyrrole (PPy)
and investigated the effect of activation conditions on the CO2 uptake. Mildly activated carbon
(KOH/PPy = 2) obtained at 600 °C showed high static CO2 uptake of 6.2 mmol g* at 0 °C but
its capacity decreased drastically to 3.9 mmol gt and 2.1 mmol g with increase in temperature
to 25 °C and 50 °C respectively. Whereas severely activated carbons (KOH/PPy = 4) exhibited
the equilibrium CO2 capacity up to 2.1-2.6 mmol g?! at 25 °C and 1 bar. Large number of
nitrogen functional groups (pyridonic-N and pyridinic-N) and narrower microporosity in

mildly activated carbons than severely activated carbons caused higher CO 2 uptake by former.

In another study, nitrogen containing nanoporous carbon was prepared from polypyrrole by
chemical activation with sodium hydroxide. It demonstrated narrow microporosity and high
nitrogen content up to 7 wt% along with high surface area of 2169 m? g. CO. uptake was
determined volumetrically and maximum static CO2 equilibrium capacity of ca. 4 mmol g at
25 °C and 1 bar was achieved [97].

Liu et al. [98] synthesized nitrogen enriched carbons from by carbonization and chemical
activation with KOH of urea-formaldehyde resin. Highest equilibrium CO2 capacity was found
to be 3.21 mmol gt at 25 °C and 1.27 mmol gt at 75 °C. It was found that microporosity of
the material is not the only factor affecting the CO2 adsorption performance but the presence
of the heteroatoms also play an important role. In another work, they used urea and furfural as
precursors to develop N-doped carbons by carbonization and subsequent chemical activation
with KOH. These materials also demonstrated high nitrogen content and microporosity thereby
having equilibrium CO2 uptake of 4.6 mmol gt at 25 °C and 1 bar [99].
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Synthetic activation carbon (F50) was prepared by carbonization followed by steam activation
of mixture of coal tar pitch and furfural. It exhibited microporous structure and basic character
due to presence of various oxygen functionalities on the surface. Dynamic CO2 adsorption
capacity of F50 was investigated by breakthrough column study and capacity was found to be
0.61 mmol g at 30 °C under 15% CO2 concentration. Its capacity decreased to ca. 0.30 mmol
gland 0.15 mmol g onincreasing the adsorption temperature to 50 °C and 75 °C respectively
[100].

Tseng et al. [101] prepared highly porous carbons from steam activation of melamine modified
phenol-formaldehyde resin for CO2 capture. Very high equilibrium CO2 uptake of 6.71 mmol
gt was achieved at 0 °C and 1 bar but it decreased drastically to 2.2 mmol g*and 0.4 mmol ¢

Lwith increase in adsorption temperature to 25 °C and 50 °C respectively.

2.2.3.3.2 Carbons from nanocasting technique

Nanocasting is a powerful technique for the fabrication of hierarchical mesoporous carbon
materials whose synthesis by conventional processes is challenging. It involves three steps: (i)
infiltration of suitable carbon precursor into the template pores, (i) heat treatment under
controlled atmosphere and (iii) removal of template by selective dissolution [92, 102]. Hence,
the space formerly occupied by template is consequently transferred into the pores in the
resulting carbon materials, and the carbon precursor in the pores of the template becomes the
continuous carbon framework [103, 104]. Fabrication by this technique takes place in the
confined nanospaces, provided by the template pores, hence sintering of the particles is
restricted and formation of nanostructures is accomplished. Although high temperatures are
involved in this technique, porous structure of the prepared carbons can be tailored depending
on the template’s pore characteristics. Choice of suitable precursor is also important for carbon
material synthesis as it governs their surface chemistry. Various thermally stable carbon
sources that have been used include sucrose, phenolic resins, furfuryl alcohol etc. Using carbon
precursors, having high nitrogen content, such as urea-formaldehyde resin, melamine-
formaldehyde resin, acrylonitrile, acetonitrile etc. for nanocasting technique will incorporate
nitrogen functionalities in the carbon matrix thereby enhancing basic character of the carbons
and interaction between carbon surface and acidic CO2 molecules. Xu et al. reported [105] the
synthesis of mesoporous carbons by nanocasting technique with sucrose as the carbon source
and nano-CaCOs as hard template. They studied the effect of template to precursor ratio on the

textural properties and capacitance of the prepared materials.
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Pevida et al. [106] developed nitrogen enriched carbons from melamine-formaldehyde resin
and fumed silica by nanocasting technique. Porous carbon obtained at 600 °C showed highest
CO2 uptake of 1.41 mmol g and 2.25 mmol g! under 15% and 100% CO- flow respectively
at 25 °C. These values were higher than capacities of commercial activated carbon.
Carbonization above 600 °C affected the chemistry of the materials and a decrease in the basic
character of the carbon was observed. This lead to the reduction in CO2 uptake of MF derived
carbons obtained at 700 °C despite their best textural properties. Hence, both textural
parameters and surface chemistry have an effect on the CO:2 capture performance of the

adsorbents.

Sevilla et al. [107] prepared mesoporous carbons by nanocasting technique followed by
chemical activation with KOH. Furfural alcohol was used as the carbon source and two
different types of mesostructured silica (hexagonally ordered SBA-15 and cubic ordered KIT-
6) were used as hard templates. Activated carbons obtained from both the silicas exhibited
similar static CO2 capacity of ca. 3.2 mmol g*and 2.0 mmol g at 25 °C and 50 °C respectively
at 1 bar.

In another work, nitrogen-doped carbons were obtained by using IBN-9 mesoporous silica
template by nanocasting technique with subsequent chemical activation with KOH at 600 °C.
Two different precursors were used in this work (i) p-diaminobenzene, and (ii) combination of
p-diaminobenzene and furfural alcohol. Chemical activation improved the textural properties
of both the prepared carbons with maximum micropore area reaching a value of 890 m? g1.
Equiliborium CO2 uptake achieved was ca. 4.5 mmol gt at 25 °C and 1 bar attributing to

microporous structure and high nitrogen doping levels [108].

Li et al. [109] synthesized carbon nitride spheres by using ethylenediamine and carbon
tetrachloride as precursors and spherical mesoporous cellular silica foams as hard template via
nanocasting technique. Highly mesoporous structure with specific surface area of 550 m? gt
and high nitrogen content of 17.8 wt% was obtained by this approach. The prepared carbon
materials showed CO2 uptake of 2.9 mmol g! and 0.97 mmol g?! at 25 °C and 75 °C

respectively under pure CO2 flow.
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In another study, mesoporous carbon nitride materials were obtained by polymerization of
ethylenediamine and carbon tetrachloride in the pores of mesoporous silica FDU-12 followed
by carbonization at 600 °C for 5 h. At 25 °C, these materials showed static equilibrium
adsorption capacity of 1.4 mmol g* and 5.9 mmol CO2 per g of adsorbent at 1 bar and 30 bar
pressure respectively [110].

2.2.3.4 Carbon nanotubes

Carbon nanotubes are a new class of materials having well defined pore structure along with
thermal and chemical stability. A wide range of surface functional groups can be achieved by
thermal or chemical treatments thereby making them potential candidates for CO2 capture [111,
112]. These include single-walled carbon nanotubes (SWCNTs) and multi-walled carbon
nanotubes (MWCNTSs) modified with amine solutions. CO2 adsorption was carried out on
purified SWCNTs in the temperature range of 0-200 °C [78]. SWCNTs had a high surface area
of 1587 n? g! and a total pore volume of 1.55 cm® g!. The CO: adsorption capacity of
SWCNTs was ~4.1 mmol g* against ~2.2 mmol g of activated carbon at 35 °C and 1 bar.

Multi-walled carbon nanotubes (MWCNTS) impregnated with 3-aminopropyltriethoxysilane
(APTS) showed dynamic CO2 adsorption capacity of 0.93 and 2.2 mmol g at 25 °C under
10% and 50% CO:2 flow respectively [113]. Su et al. [114] also impregnated MWCNTSs with
APTS and reported CO2 adsorption capacity of 2.25and 3.0 mmol g* under 15% and 50% CO>
flow respectively at 25 °C.

Ye etal. [115] impregnated TEPA onto commercially available MWCNTSs and evaluated them
for CO2 adsorption by fixed-bed experiments. 30 wt% TEPA modified CNTSs exhibited CO2
adsorption capacity of 2.97 and 3.56 mmol g at 25 °C and 40 °C respectively under 2% CO>

flow.

It can be concluded from the literature review that most of the carbon development in the field
of CO2 capture has been carried out by direct carbonization and/or activation of either waste
materials or synthetic polymers followed by CO:2 adsorption study under static conditions
leading to no control on surface chemistry and pore structure respectively. For the control of
these two parameters, development of carbon adsorbents by nanocasting technique have been
used by very few research groups and among them also majority of them evaluated these

materials at room temperature under static flow conditions which does not present the real
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picture in flue gas application. For practical adsorption systems, dynamic CO2 adsorption
performance of the carbon adsorbents needs to be evaluated and further work is required to
address several important characteristics like adsorption Kinetics, prediction of mixed-gas
adsorption equilibria, selectivity, and long-term stability of adsorbents under simulated flue

gas conditions.
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Chapter 3 — Experimental Methods, Kinetics and
Isotherm Models

3.1 Materials

Mesoporous silica (MCM-41 type) having trade name of CTF-04S was procured from M/s
Tianjin Chemist Scientific Ltd., Tianjin, China. It had specific surface area of 450 m? g! and
average pore diameter of 3.5 nm. In the present work, it was used as hard template to obtain

porous carbon materials by nanocasting technique.

Melamine, formaldehyde solution (37% w/v), resorcinol, sodium hydroxide pellets,
concentrated sulphuric acid, hydrochloric acid (35% concentration), di-sodium tetra borate
(borax), potassium carbonate, methanol and acetone were purchased from M/s S. D. Fine
Chemicals India Ltd. All the reagents and chemicals were of analytical grade and were used

without any further purification.

Grade-1 (99.999% pure) dry helium, dry nitrogen and dry carbon dioxide gases were purchased

from M/s Sigma Gases and Services, India.

3.2 Characterization techniques

3.2.1 Surface area and pore size distribution

The surface area and pore volume of the carbon adsorbents were determined by using a static
volumetric analyzer (Model ASAP 2010, Micromeritics, USA) with N2 adsorption isotherms
at -196 °C. The samples were degassed at 220 °C under vacuum for 6 h before any adsorption
measurements. Multipoint adsorption method was employed to obtain the results of Brunauer—
Emmett—Teller (BET) surface area. Total pore volume (Vp) of the prepared carbons was
assessed from the amount of N2 adsorbed at a relative pressure of 0.99 and micropore volume
was estimated from t-plot method. The mesopore volume and pore size distribution were
derived from the adsorption branch of isotherm by using the Barrett—Joyner—Halenda (BJH)
model.
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3.2.2 X-ray diffraction analysis

Structural characterization of the samples was carried out by recording their powder X-ray
diffraction patterns using X’Pert Pro diffractometer (Model X Pert Pro, PANalytical, Almelo,
Netherlands), operated at 45 kV and 40 mA with monochromatic Cu—Ka radiation (A = 1.5406
A), in the 26 range of 10-80°.

3.2.3 Transmission electron microscopy

Transmission electron micrographs of prepared carbons were recorded on a transmission
electron microscope (Model CM200, Philips, Netherlands) operated at an accelerating voltage
of 200 kV. Samples for TEM measurements were prepared by placing adrop of the dispersion
of carbon adsorbent in toluene on carbon-coated copper grid. The toluene was allowed to

evaporate slowly at room temperature.

3.2.4 Scanning electron microscopy

The surface morphology of the synthesized carbon adsorbents was observed on a scanning
electron microscope (Model JSSM-6510 LV, JEOL, Japan) at an accelerating voltage of 10.0
kV. In order to avoid charging of samples under electron beam, samples were coated with gold

film (of 50 um thickness) in an automatic sputter coater (Polaron) prior to SEM studies.

3.2.5 Thermal analysis

3.2.5.1 Thermogravimetric analysis (TGA)

Thermal stability of the synthesized adsorbents was evaluated by using a thermogravimetric
analyzer (TA Q500, TA Instrument, USA). In a typical experiment, about 10 mg of sample
was heated from 30 °C to 900 °C at a heating rate of 10 °C min't under dry nitrogen ata flow

rate of 50 cm3 min'L.

3.2.5.2 Differential scanning calorimetry (DSC)
A differential scanning calorimeter (NETZSCH DSC 200F3, Netzsch-Geratebau GmbH,
Germany) was used to measure the specific heat capacity of the prepared carbons. Around 10

mg of the sample was heated at 10 °C min* under N2 flow from room temperature to 300 °C.

3.2.6 Elemental composition
The elemental composition of the carbon adsorbents was determined using a Flash EA 1112

Series elemental analyzer (Thermo Finnigan, Italy). Oxygen content of the samples was
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obtained by difference. The nitrogen content of the materials was also estimated by Kjeldahl
method [89].

3.2.7 Fourier transform infrared (FTIR) spectroscopy

Fourier transform infrared (FTIR) spectra of mesoporous carbons were recorded on a Perkin
Elmer Spectrum 100 FTIR spectrometer (Perkin Elmer, USA) fitted with universal ATR
sampling accessories. The spectra were recorded in the range of 4000-650 cmr! with a

resolution of 4 cm'l.

3.2.8 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) analysis of porous carbons was performed on a
SPECS system equipped with a hemispherical electron analyzer with an Mg Ka X-ray source
to analyze the surface chemistry of the prepared carbons. The survey spectra were recorded
with a pass energy of 50 eV while the high resolution spectra with a pass energy of 20 eV at
operating at an anode potential of 15 kV and emission current of 10 mA. The pressure in the
analysis chamber was less than 2x10-°torr. The data processing was carried out with XPS peak
4.1 software and the core level spectra were fitted with mixed Gaussian-Lorentzian convoluted

function (80/20) and Shirley function was used for background subtraction

3.2.9 Surface basicity by Boehm titration

Surface functional groups of the carbon adsorbents were determined by Boehm titration [116,
117]. 200 mg of each adsorbent was placed in 20 ml of 0.1 N solutions of sodium hydroxide
(NaOH) and hydrochloric acid (HCI). The flasks were sealed and shaken for 24 h and then
filtered. The excess base or acid of the filtrate was titrated with HCI or NaOH, respectively.
The number of basic sites was estimated from the amount of HCI that reacted with the adsorbent
and the number of acidic sites was calculated from the amount of sodium hydroxide that reacted

with the adsorbent.

3.2.10 Temperature programmed desorption

Carbon dioxide temperature programmed desorption (CO2-TPD) study of prepared carbons
was carried out on a Micromeritics AutoChem 11 2920 chemisorption analyzer equipped with
a thermal conductivity detector. Around 100 mg of the carbon sample was placed in a quartz
reactor and pretreated under flow of pure helium gas at 200 °C. Hereafter the temperature was
decreased to 30 °C and CO: adsorption was carried out by switching to pure CO2 gas for 30
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minutes. Desorption experiment was performed by switching back to He gas at a flow rate of
20 cm® min'! and increasing the temperature from 45 °C to 250 °C at a heating rate of 10 °C

min'L.

3.3 Performance evaluation of adsorbents

3.3.1 Fixed-bed adsorption study setup

A fixed-bed adsorption study set up was used to evaluate the dynamic CO2 adsorption-
desorption performance of the prepared carbon adsorbents. Figure 3.1 shows the schematic
representation of the experimental setup used in the present study and Figure 3.2 shows the
actual adsorption study set up coupled with gas chromatograph. The experimental setup
consists of gas mixing section, adsorption column, and an online gas chromatograph. Gas
mixing section consists of mass flow controllers, pre-mixer and non-return valves. Two mass
flow controllers (Bronkhorst, Netherlands), each for CO2 and Nz, are used to regulate the feed
CO2 concentration by controlling the flow rates of pure nitrogen and carbon dioxide gases
entering the mixing chamber (100 mm length and 9.39 mm internal diameter) made up of
stainless steel. Then the gas mixture (simulated flue gas) is passed through the adsorption bed.
The gas mixture can also be directly bypassed to the gas chromatograph for the inlet

concentration measurement of the gas mixture entering the adsorption column.

Adsorption column is a fixed-bed reactor (length = 300 mm and internal diameter = 9.39 mm)
made up of stainless steel and is enclosed in a temperature-controlled oven. Adsorbent bed
temperature is monitored by a K type thermocouple placed in the middle of the bed.

Temperature controller is used to control the bed temperature for adsorption and desorption.

At the end of the adsorption column, a gas chromatograph (GC 7890A, Agilent Technologies,
US) is used to periodically monitor the CO2 and N2 concentrations. Fused silica capillary
column of 30 m length having inner diameter of 0.32 mm and 20 um film thickness of
polystyrene divinylbenzene (HP Plot Q, Agilent Technologies, USA) is used for the analysis.
The gas chromatograph is operated at an injection temperature of 180 °C, oven temperature of

60 °C and detector temperature of 200 °C with helium as the carrier gas.
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Figure 3.1 Schematic diagram of the experimental setup
27

\4

10

TC

GC/TCD

PC




Control
panel

Adsorption
section

Mass flow
controller

Figure 3.2 Adsorption study set up coupled with gas chromatograph

3.3.2 Dynamic CO, adsorption measurements

Adsorbent evaluation in fixed-bed system included both CO:2 adsorption and desorption
experiments. In a typical experiment, about 2 g of dry adsorbent, mixed with dry inert glass
beads, is packed into the adsorption bed. A layer of glass wool is used at the bottom to support
the adsorbent bed. Before CO2 adsorption study, the adsorbent is pretreated at 200 °C in N2
atmosphere for 2 h to remove moisture or any other adsorbed gases. Hereafter adsorbent
column is cooled down to the desired adsorption temperature (30, 50, 75 and 100 °C).
Adsorption runs are carried out by feeding the reactor bed with a gas stream, consisting of N2
and CO2, at80 cm?® min'! (evaluated at temperature (T) =20 °C and pressure (P) = 1 atm), with
varying CO2 volumetric concentrations ranging from 5% to 12.5%. The CO2 concentration at
the bed exit is monitored as a function of time until the outlet CO2 concentration approached
the inlet CO2concentration i.e., until the saturation is reached. The adsorbed CO2is completely
desorbed by switching the gas to pure N2 and raising the bed temperature to 200 °C. The

adsorbent is subjected to four consecutive adsorption-desorption cycles.
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The CO: adsorption capacity (qt) in milli moles per gram (mmol g!) of the adsorbent at a

certain time, t (min) is estimated as follows:

t
1
0= | 0C,— O (3.1)
0

where Q (cm?® min't) is the volumetric gas flow rate, M (g) is the mass of the adsorbent, and Co
and C are the inlet and effluent CO:2 concentrations (percent in volume) respectively.
Equilibrium adsorption capacity of adsorbents is obtained by integrating equation (1) from time
t = 0 to equilibrium time te when C reaches Co. Response time of this fixed-bed adsorption

study set up was estimated to be ca. 15.6 seconds.

3.3.3 Equilibrium sorption measurements

Equilibrium adsorption-desorption experiments of pure CO2 and N2 were carried out on a
volumetric analyzer (ASAP 2010, Micromeritics, USA) at four different adsorption
temperatures ranging from 30-100 °C and pressure varying from 0 to 1 atm. Temperature for
adsorption was achieved by using a Dewar, having a circulating jacket and is connected to a
thermostatic bath. Before each adsorption experiment, carbon samples were outgassed at 200

°C for 12 h under vacuum.

3.4 Kinetic study

Adsorption kinetics of the prepared carbons need to be studied in order to evaluate their
separation efficiency and ability to endure high flow of adsorbate. It is also required for the
rational design and simulation of gas-treating systems. Three Kinetic models namely pseudo-
first order, pseudo-second order and fractional order kinetic models have been employed in

this work to investigate the kinetics of CO2 adsorption onto prepared carbon adsorbents.

3.4.1 Pseudo-first order model
The pseudo-first order adsorption model of Lagergren is one of the most commonly used
kinetic model illustrating Kinetics on the basis of adsorption capacity. Lagergren’s first order

kinetic model can be expressed as [118]:

da,

Fra k,(q.—q.) (3.2)
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where gt (mmol g!) is amount adsorbed at time t (minutes), ge (mmol g?) is the amount
adsorbed at equilibrium and ki (mint) is the pseudo-first order model rate constant. The
integration of Eq. (3.2) with initial conditions (gt =0att=0and gt = gt at t = t) gives the

following form:

qe kl
l = t 3.3
°9 4. —q, 2303 (3:3)
which can be rearranged to:
qe=q.(1—e™5) (34)

3.4.2 Pseudo-second order model

Pseudo-second order model was given by Ho et al. [119] and is based on the assumption of
proportionality of adsorption capacity to the number of occupied sites on the adsorbent surface.
It can be written as:

da,

0 = k(@ — 4, (35)

where k2 (g mmol! mint) is the rate constant of pseudo-second order kinetic model. Integrating
Eq. (3.5) for above stated boundary conditions leads to the following equation:

1 1
qe — 4 qe

which can be rearranged to

. kzqgt
1@ = 1+ k,q,t

(3.7)
3.4.3 Fractional order model

The fractional order kinetic model is based on the assumption that adsorption rate is influenced
by nth power of driving force and mt" power of the adsorption time [120, 121] and is given by
Eqg. (3.8):

dq -
= = (@ —qmem (38)
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where kn is the rate constant of fractional order kinetic model with model parameters m and n.
Eq. (3.8) reduces to pseudo-first order or pseudo-second order Kinetic models for m =1 and n

= 1or 2, respectively. Its integrated form under the given boundary condition is:
1

e [((n— 1D k,/m)t™ + (1/q2_1)]1/n_1

q.=q (3.9)

Generally, pseudo-first order and pseudo-second order kinetic models have been solved by
linear regression method in order to identify the best fitted kinetic model. It is found that
pseudo-second order Kinetic equation has four different linear forms with each form leading to
different values of the model parameters. When non-linear form of the model is linearized,
there is a change in the error structure which results in different parameter values. Therefore,
suitable way of solving these kinetic models is to use non-linear regression method [122-124].
OriginPro 8 software was used to obtain kinetic model parameters by nonlinear regression on
experimental data.

3.4.4 Error calculation
Additionally, an error function (Error %) on the basis of normal standard deviation was
evaluated to find the appropriateness of each kinetic model. This error function provides the

constancy between the experimental data and values predicted by Kinetic models.

2
Error (%) — \[Z[(qt,exp _]gi)rled)/qt,exp] x 100 (310)

where Gy, and g, g are the amounts of CO2 adsorbed at a given time t determined

experimentally and model predicted respectively and N is the total number of experimental

points.

3.4.5 Activation energy
Dependence of kinetic rate constants (k) with adsorption temperature can be explained by
Arrhenius equation:

k = Ae~(Ea/RT) (3.11)
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where A is the pre-exponential factor of Arrhenius equation and Ea (J mol?) is the activation

energy. The plot between In (k) and 1/T is a straight line with slope — E,/R and hence the
activation energy for CO2 adsorption can be calculated from the slope of Arrhenius plot.

3.5 Isotherm study

One of the important parameters for designing an adsorption system is the equilibrium data.
Equilibrium is achieved when adsorbate-containing phase is allowed to come in contact with
the adsorbent for sufficient period of time and the bulk adsorbate concentration is in dynamic
balance with the interface adsorbate concentration. This data is explained by an isotherm model
having certain parameters that describe the adsorbent’s affinity towards the adsorbate and the
surface properties. Many well established adsorption isotherm models are used to fit the
equilibrium data at a specific temperature over a wide range of adsorbate concentration. For
designing practical adsorption systems, data of both pure and multicomponent adsorption

equilibria are required over a varied temperature and pressure range.

3.5.1 Pure component isotherm
In the present study, equilibrium adsorption data of pure components on prepared carbons were
correlated with three isotherm models, namely Langmuir, Sips and dual-site Langmuir

adsorption isotherm models.

3.5.1.1 Langmuir isotherm model

Langmuir isotherm is the most widely used adsorption isotherm model. It describes monolayer
adsorption on finite number of localized adsorption sites, with each site being identical and
energetically equivalent and holding only one adsorbate molecule. It also assumes no
interaction between the adsorbed molecules [125]. The Langmuir isotherm model can be
expressed as:

_ q.,bP
Qe =1 1pp

(3.12)

where ge (mmol g1) is the equilibrium adsorption capacity, gm (mmol g?) is the maximum
monolayer capacity, b (atmr!) is the Langmuir parameter related to free energy of adsorption

and P (atm) is the pressure. Parameter b is the measure of the affinity of the adsorbed molecules
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to the solid adsorbent surface and its temperature dependence is explained by following
Arrhenius type equation:

b = b, e (B/RD (3.13)

where bo is the adsorption affinity at reference temperature and B (J mol?!) is the heat of

adsorption.

3.5.1.2 Sips isotherm model

However, complex pure and surface structures of the adsorbent causes the heterogeneity of the
adsorption process thereby hardly satisfying the assumptions of Langmuir isotherm model.
Heterogeneity of adsorption process is an attribute of both the adsorbent and the adsorbate
materials instead of adsorbent material only. Hence, some other empirical formulas like Sips
or dual-site Langmuir (DSL) equations have been developed to explain the adsorption
equilibria. Sips isotherm model is a three parameter adsorption isotherm model with parameters
gm, b and c and can be written as:

_ ambP*

= 3.14
1+ bppi/c 314

de

As compared to Langmuir isotherm model, it contains an additional parameter ¢ which
describes the system heterogeneity and could be caused by adsorbent, adsorbate or their
combination. Value of c equal to 1 reduces Sips equation to Langmuir equation [44]. Parameter

b is given same temperature dependence as that for Langmuir constant.

3.5.1.3 Dual-site Langmuir model

Another model for fitting pure component adsorption data is dual-site Langmuir isotherm
model which describes the adsorption of pure component on an energetically heterogeneous
adsorbent comprising of two homogeneous but energetically heterogeneous sites or patches.
All the assumptions of the Langmuir isotherm model are applicable to each site with no
interaction between the two sites [126]. Amount adsorbed by a component can be described by
the following equation:

q :CI1,mb1P+QZ,mb2P
¢ 1+4+bP 1+b,P

(3.15)
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where ¢, ,, and q, ,,, are the saturation capacities of the adsorbate at sites 1 and 2 respectively
while b1 and b are the affinity parameters on sites 1 and 2 respectively and P is the total
pressure. Hence, the total adsorbed amount is the sum of capacities at each site (q,, + Qz,m)-
Moreover, in the present study, saturation capacity for each component on each site is allowed
to be different. Affinity parameters of DSL isotherm are also considered to be temperature
dependent as shown in Eq. (3.16).

b; = b, e/ j=1,2 (3.16)

where subscript j refers to the energy level of site 1 or 2, b, ; is the adsorption affinity at
reference temperature and E; is the corresponding adsorption energy. In the above equation,
j =1 always denotes higher energy level while j = 2 always indicates lower adsorbent-

adsorbate energy level. For pure component adsorption, site 1 is always considered as higher

energy site as compared to site 2 [127].

3.5.1.4 Error calculation

Pure component adsorption equilibria for both CO2 and N2 were fitted by above mentioned
three isotherm models by minimizing the sum of the squared relative errors (SSE) by using
OriginPro 8 software. SSE is the relative difference between the adsorbed amounts determined
experimentally and model predicted at all adsorption temperatures for a particular adsorbent-

adsorbate pair and it can be expressed as:

2
SSE (%) :\[Z[(qe,exp _I\Clle,_prizd)/qe,exp] x 100 (3.17)

Where g, .., and g, ,,..q are the experimental and model predicted amounts of adsorbate

adsorbed respectively and N is the total number of data points.

3.5.2 Binary component isotherm

Prediction of multicomponent adsorption equilibria counts completely onthe accuracy of pure
component adsorption measurement and its reliable correlation with adsorption isotherm
model. Adsorption equilibria of binary system (CO:2and N2) has been predicted from pure
component adsorption isotherm parameters by using two approaches. In the first approach, pure
component adsorption isotherm equations have been extended empirically to binary isotherms

while the second approach includes usage of ideal adsorbed solution theory (IAST) to derive
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binary system isotherms from pure component adsorption isotherms. Then these predicted

isotherms are compared with the measured binary system isotherms.

3.5.2.1 Extended Sips isotherm model
The extended form of Sips isotherm model for Nc number of components is:
/ci
Am,i bipil ‘

= N 1/c;
1+X5 bP

Ge,i (3.18)

where subscript i indicates the component for which isotherm is evaluated and q,; is the

equilibrium adsorption capacity of component i in the mixture.

3.5.2.2 Extended dual-site Langmuir isotherm model
Dual-site Langmuir equation for single component can be extended for multicomponent system

as follows:

Go; = q1m,ib1i P 4 Qom,ib2iPi

1+ S¥ by P, 1+ X by P,

(3.19)

To correctly apply DSL isotherm to a multicomponent system, energetic site-matching issue
needs to be addressed which mentions the fact that all the adsorbates present in a
multicomponent system may not see sites 1 and 2 as high and low energy sites respectively.
For a binary system, there is possibility of existence of four different adsorbate-adsorbent free
energies corresponding to two free energies for component A (i.e. one on each adsorption site)
and two free energies for component B. When sites 1 and 2 are considered as high and low
energy sites by both the adsorbates, then their adsorbate-adsorbent free energies correlate in a
perfect positive (PP) fashion. But for the case, when site 1 is considered as high free energy
site by one component while low free energy site by second component and vice-versa for site
2, then adsorbate-adsorbent free energies correlate in a perfect negative (PN) fashion [126,
127]. For PP correlation for energetic site-matching in a binary system, amount adsorbed by
each component (A and B) is given by:

q.. = ( q1m,ab1 4Py ) + < Q2.m,aD2,nPa > (3.20)
e 1+ by oPy + by gPp site 1 1+ by aPp + by p Pp site 2

q., = < 91m5P15P5 ) + < Qompb25Ps > (3.21)
&F 1+ bypPp+ by 4Py site 1 1+ by pPp + Do uPy site 2
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In case of PN correlation for energetic site-matching, amounts adsorbed by component A and
B are obtained by following expressions:

q. . = ( ql,m,Abl,APA ) + ( qz'm'Abz'APA ) (3.22)
e 1+byoPy+bypPp site 1 14 by aPy+ by pPp site 2

0 = < q1m b1 P5 ) + ( q2,m b2 5Ps ) (3.23)
oF 1+ bypPp+ by 4P, site 1 1+ by pPp+ by Py site 2

where q,, and g, are the amounts adsorbed by components A and B in mixture. Only
difference in Egs. (3.20) and (3.22) and in Egs. (3.21) and (3.23) is the ordering of the affinity

parameter on each site.

3.5.2.3 Ideal adsorbed solution theory (IAST)

To predict binary system equilibria from pure component isotherm, another approach used in
the present study is application of ideal adsorbed solution theory (IAST) to pure component
adsorption isotherms. 1AST is a well renowned technique, given by Myers and Prausnitz, for
prediction of adsorption equilibria of a multi-component system using only pure component
adsorption isotherms at the same temperature. IAST is a thermodynamic approach and is based
on analogy of adsorption equilibria to Raoult’s law for vapor-liquid equilibrium. It assumes the
formation of an ideal solution by the adsorbed phase and the equilibrium between the ideal gas
and adsorbed phase can be stated as [128-130]:

Py, = P(n*)x; (3.24)

where yi and xi are the molar fractions of component i in the gas phase and adsorbed phase
respectively. P is the total pressure of the mixture and P?(x*) is the equilibrium gas phase
pressure of pure component i corresponding to solution temperature and solution spreading
pressure, *. As compared to vapor-liquid equilibrium, presence of solid adsorbent in the
adsorption system imposes an additional degree of freedom for equilibrium between the
adsorbed phase and the gaseous phase which is denoted by spreading pressure [131]. Spreading
pressure is an intensive variable and can be defined as the reduction in surface tension of the
solid surface because of adsorbate spreading over the adsorbent surface [132]. Moreover, for
an ideal solution no interactions should be present between the adsorbed molecules in the

adsorbed phase with equal spreading pressure of each component at a given temperature.
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Reduced spreading pressure (rr;") of component i in the standard state can be obtained from

integration of Gibbs adsorption isotherm as follows:

1. A Pio *
Tr = =J &dp
0

2

i
where ;" and mr; are reduced spreading pressure and spreading pressure of component i in the
adsorbed phase respectively, A is the specific surface area of the adsorbent, q; is pure
component adsorption isotherm equation and P? is the standard state pressure of pure
component i corresponding to spreading pressure of the mixture. Standard state is defined as
state at which reduced spreading pressure of the mixture (7*) is the same as reduced spreading
pressure for each component, i.e.

=" i=1,2,3.. N, (3.26)

As there is no change in area on mixing for an ideal adsorbed mixture, total amount adsorbed

(g7) can be calculated from pure component loadings at standard state by using following

equation:

L ZNC i (327)
qr i=1 qio(PiO) .

where Nc is the number of species, g2 (P?)is the amount of pure component i adsorbed at

standard state pressure P?. Adsorbed amount of each component in the mixture can be

calculated using the following expression:
q; = Xiqr (3.28)

Following constraints of the mole fractions in the gas phase and adsorbed phase have to be

considered while solving IAST equations:

N¢ N¢
in =Z yi=1 (3.29)
i=1 i=1

Spreading pressure for each component has to be evaluated precisely for accurate predictions
of the multicomponent system. For each component, equation (3.25) can be evaluated by
specifying the pure component isotherm equation by fitting a continuous function to a discrete

set of adsorption data obtained over a finite range of pressures.
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3.5.2.4 IAST based Sips and dual-site Langmuir models

In the present work, IAST was used in conjunction with Sips and dual-site Langmuir isotherm
equations. Equations for reduced spreading pressure of the adsorbed mixture (7r*), for IAST-
Sips and IAST-DSL models, were obtained by substituting pure component Sips and DSL
isotherm equations respectively in Eq. (3.25) followed by its integration. Egs. (3.30) and (3.31)
give the reduced spreading pressure for Sips and DSL models respectively.

T = qic; In(1 + by (PY/) (3.30)
T = Qi (1 + by PY) + Gy In(1+ by PP (3.31)

The equations for reduced spreading pressure were then equated for each component and the

expressions for Sips and DSL models are given by Egs. (3.32) and (3.33) respectively.

pPAl/a )2 1/c;
qm1C11n (1 + b, (x—1> > = (m2C; In <1 + b, ( 2 ) ) (3.32)

1 1—x

P, P,
d1m1 In (1 + b1,1 _) +q2m1 In (1 + b2,1 _>
Xq X1

P P
= qim,In (1 + by _Zx ) + @om, In (1 + by T — _Zx ) (3.33)
1 1

Above mentioned equations were then solved implicitly, by using MATLAB program, to
calculate xiand were used further to evaluate amount adsorbed by each component by using
Egs. (3.32) and (3.33).

3.5.2.5 Selectivity
In addition to prediction of equilibrium uptakes by these isotherm models, selectivity of CO2
over Nz(SCOZ) in the binary mixture was also predicted by using the following expression
[133] and was compared with the experimental values obtained from breakthrough curves.

xcoz/ XN,

ycoz/}’N2

Sco, = (3.34)

where x,, and x,_ are the molar fractions of COzand Nz in the adsorbed phase respectively

and Yco, and Yy, are the molar ratios of CO2 and N2 in the gas phase respectively.
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3.6 Thermodynamic study

3.6.1 Thermodynamic parameters

Thermodynamics of adsorption generally concentrates on three parameters ie. Gibbs free
energy, enthalpy and entropy. Analysis of these thermodynamic parameters explicates the
behavior of adsorption process. The integral molar Gibbs free energy change for the adsorption
process (AG) is the minimum amount of work required to load adsorbent to a certain level

under an isothermal condition and can be obtained by using the following equation [134, 135]:

0 RT (¥ qd(inP)
AG=E=— J qq (3.35)

where Q is the surface potential (kJ molt), R is the universal gas constant (kJ mol! K1), qis

the amount of adsorbate adsorbed (mmol g*) and T is the temperature (K).

The integral molar enthalpy, AH (kJ mol?) indicates the heat effects associated with adsorption

process and can be obtained from the fundamental thermodynamic relationships:
o(n/T)

6(1/T) (3.36)

The integral molar entropy change, AS (kJ mol! K1), is the measure of the ways in which a
thermodynamic system may be rearranged and is taken as a measure of disorder. It also helps
in comprehending the packing manner of the adsorbed molecules on the adsorbent surface. It
can be calculated from the following expression:

-3
A4S = TP (3.37)

These thermodynamic parameters are obtained by numerical analysis based on isotherm model

for pure component adsorption on prepared carbons.
3.6.2 Energy duty for desorption

Another important aspect of thermodynamic study is energy requirement for regeneration

process. From application point of view, energy penalty for desorption of CO2 should be
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calculated for binary system under dynamic conditions. Therefore, energy requirement for pure

component adsorption has not been evaluated.

The thermal energy input (Qt) required to regenerate the adsorbent is the sum of heat of
desorption (Qst) and the sensible heat required to heat the adsorbent from the adsorption
temperature up to temperature for desorption.

Qi = Qi + Sensible heat (3.37)

Sensible heat requirement is a function of adsorbent’s heat capacity, difference between
adsorption and desorption temperatures and the adsorption capacity of the adsorbent material
[136, 137].

C,AT
adsorption capacity

Sensible heat = (3.38)

where Cp (J gt K1) is the specific heat capacity of the adsorbent material and AT is the
difference between adsorption and desorption temperatures. Specific heat capacity of the
prepared carbon was measured from a differential scanning calorimeter (as discussed in section
3.25.2)

Heat of desorption is assumed to be equal to heat of adsorption i.e. isosteric heat of adsorption
[43]. It can be defined as the difference between the activation energy required for adsorption

and desorption process and is obtained by using Clausius—Clapeyron equation [138]:
din P

de

Q4 = — (3.39)

where Qs (kJ mol?t) is the isosteric heat of adsorption at a given ge. It can be calculated from

the slope of the plot between In (P) and 1/T for constant adsorbate coverage (i.e. isosteres).

3.7 Software used

OriginPro 8 software was used for fitting various kinetic and pure component adsorption

isotherm models to the experimental data by nonlinear regression. MATLAB R2015b software
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was used for calculation of reduced spreading pressure for various IAST based isotherm models

by applying Newton-Raphson formula to spreading pressure equations.
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Chapter 4 - Nitrogen Doped Mesoporous Carbons for
Carbon Dioxide Capture

4.1 Introduction

This chapter consists of mainly three parts including synthesis, characterization and CO:
performance evaluation of nitrogen doped mesoporous carbon adsorbents from melamine-
formaldehyde resin and silica template by nanocasting technique. A series of adsorbents have
been prepared by varying the carbonization temperature and one sample has been prepared
without nanocasting technique for comparison purpose. This is followed by characterization of
adsorbents for their textural, elemental and surface properties. The effectiveness of these
synthesized materials as CO2 adsorbents has been evaluated by fixed-bed column adsorption
experiments using simulated flue gas. Effect of temperature and CO2 feed concentration has
been investigated on the dynamic adsorption capacity and breakthrough time. Suitability of
these adsorbents in cyclic process application has also been studied by temperature swing
adsorption with nitrogen as the purge gas. Static adsorption-desorption study under pure CO2
and N2 flow is also discussed at four different temperatures. Kinetic adsorption data has been
illustrated by suitable adsorption kinetic models. Equilibrium adsorption uptakes of CO2 and
N2 have Dbeen correlated with their breakthrough capacities obtained from fixed bed
experiments by using pure and binary component isotherm models. Finally thermodynamic

parameters for CO2 adsorption and energy required for desorption of CO: are calculated.

4.2 Adsorbent synthesis

Nitrogen doped mesoporous carbon adsorbents were synthesized via nanocasting technique by
using melamine-formaldehyde resin and mesoporous silica as polymeric precursor and
template respectively Three steps were involved in the synthesis: (i) templated resin synthesis,

(i) carbonization of the templated resin and (iii) removal of template.

4.2.1 Templated resin synthesis
Figure 4.1 presents the block diagram for the process of templated resin synthesis. In a typical
experiment, 46.6 g of melamine was added to 200 ml of 5 wt% methanol solution under

continuous  stirring and heated to 70 °C. To this reaction mixture, 200 ml of 37% wi/v

42



formaldehyde solution was added slowly over the duration of 3 h to form
hexamethylomelamine while maintaining pH in the range of 8-9 by adding potassium
carbonate. Reaction temperature was raised to 75 °C, under continuous stirring, in order to
carry out advanced polymerization. Solution pH was maintained in the range of 7-8 by adding
0.1 N sodium hydroxide solution and 0.4 g of di-sodium tetra borate (borax) for further 2 h.
Hereafter, reaction mixture was cooled down to room temperature and 6 ml of H2SO4 solution
(48%) was added to it. Hard template i.e. mesoporous silica (15.0 g) was added to this reaction
mixture and mixed thoroughly to obtain the templated resin followed by curing at 60 °C for 2

h. 1t was then left at room temperature until complete solidification has occurred. The setup for
the synthesis of melamine-formaldehyde resin is shown in Figure 4.2.

Ielamine

Formaldehyde Soln. Tﬁmpefamfe =70°C

Methznnl Sali Polymerization Time = 3 hours

pH=389
Potassium Carbonate
Borax Di i Temperature = 70-75 °C

1gestaon Time = 2 hours

NaOH Soln. {(Polymerization) pH=7-3

MF Resin

- 2 o
Cooling to room Temperature = 25-30 °C

temperature
H,504 Soln.
oy Mixing
Mesoporous silica
Temperature = 60 °C
Curing Time = 2 hours

Templated MF Resin

Figure 4.1 Block diagram of templated resin synthesis process
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Mechanical stirrer
Dropping funnel

Condenser

3-neck round
bottomed flask

Heating mantle

Figure 4.2 MF resin synthesis setup

4.2.2 Carbonization of templated resin

Carbonization is the process for producing carbon materials from carbon containing organic
compounds by heat treatment under inert atmosphere. It is a complex process involving various
types of reactions such as dehydrogenation, condensation etc. resulting in thermal
decomposition of the precursor and hence release of the volatile matter.

Carbonization of templated MF resin samples was carried out in ceramic boats loaded into a
quartz tubular furnace under pure nitrogen atmosphere. Templated samples were heated from
room temperature to the desired carbonization temperature (400-800 °C) at a heating rate of
10 °C mint and were held at final temperature for 1 hfollowed by cooling to room temperature
under inert atmosphere.

4.2.3 Removal of template

Last step in the synthesis involves the removal of silica template from carbonized samples.
This was achieved by dissolution of carbonized samples in 40 wt% sodium hydroxide (NaOH)

44



solution for at least 24 h. This was followed by washing with copious amounts of water and
drying in oven at 100 °C for 2 h. Synthesized adsorbents were labeled as MF-x, where x refers
to the carbonization temperature (400-800 °C).

For comparison purpose, one sample was prepared without nanocasting technique. The process
for its synthesis was same as above mentioned except template addition and its subsequent
removal. This sample was labeled as ‘MF-C’.

4.3 Adsorbent characterization

4.3.1 Surface area and pore size distribution

Figure 4.3a presents the N2 sorption isotherms of MF-x carbons prepared at different
carbonization temperatures along with mesoporous silica template. Based on the IUPAC
classification, adsorption isotherms of all the prepared carbons except MF-700 and MF-800
can be classified as type IV which is typical of mesoporous materials whereas MF-700, MF-
800 and silica exhibit a combination of type | and type IV isotherms indicating the presence of
both micropores and mesopores in these materials. The presence of a hysteresis loop in all the
samples, at relative pressure (P/Po) around 0.8, is usually associated with the filling and
emptying of the mesopores by the phenomena of capillary condensation. Volume of nitrogen
adsorbed increases as carbonization temperature increased up to 700 °C followed by decrease
in the amount of N2adsorbed on further increase in carbonization temperature to 800 °C (Table
4.1). Very high carbonization temperature of 800 °C leads to the partial collapse of pore
structure thereby decreasing the surface area and total pore volume of MF-800. Samples
obtained at carbonization temperature up to 600 °C demonstrate very less amount of N2
adsorbed, thereby indicating this temperature to be insufficient for the porosity development.
For carbonization temperature > 700 °C, a steep rise in N2 adsorption is also observed at low
relative pressure (P/Po < 0.1) which corresponds to the micropore filling and the increase in
nitrogen uptake is sustained throughout the entire pressure range. This indicates the
development of micro and meso-porosity in MF-700 and MF-800 samples. Dissolution of
template ie. silica from the carbon framework results in the mesoporosity in the prepared
carbons. However, small microporosity in MF-700 and MF-800 is created in the course of the
carbonization of precursor of its own accord. MF-700 exhibits the highest BET surface area of
266 m? gt and total pore volume of 0.309 cm® g1 with very low micropore volume of 0.033
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cm® gl. Sample obtained by direct carbonization of MF resin (MF-C) exhibits very small

amount of N2 adsorbed indicating almost no porosity development in this sample.
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Figure 4.3 (a) N2 adsorption (closed symbols) - desorption (open symbols) isotherms at -
196 °C of prepared carbons and mesoporous silica, (b) pore size distribution of nitrogen
doped mesoporous carbon adsorbents
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Pore size distribution (PSD) of prepared carbon adsorbents are obtained from adsorption
branch of BJH method and the results are presented in Figure 4.3b. Average pore diameter of
all the samples lie in the mesopore region i.e. 2 to 50 nm. PSD of all of the samples except MF-
400 are centered around 9-10 nm and the peak mainly comes from the mesopores formed after
dissolution of the silica. For MF-400, most of the pore volume lies in the pores with size > 10
nm. Onthe other hand, average pore size of the silica template is found to be 3.5 nm. There is
large difference in average pore diameters of porous carbons and parent silica template.
Furthermore, width of the hysteresis loop for silica template is relatively more noticeable than
prepared carbons. This is because hysteresis loop of silica template occurred at lower relative
pressure than that of prepared mesoporous carbons. Textural properties of silica template and
replicated carbons are in good accord with literature reported properties [110, 139, 140]. Thus,
fabrication of porous carbons by nanocasting technique helps in tailoring their pore structure

by using a template with suitable pore size.

Table 4.1 Textural properties of nitrogen doped mesoporous carbon adsorbents

BET . .
Sample Surface Total pore volume, Pore volume obtained  t-plot micropore
Ve (cm?® gl) from BJH method, Vesx  volume, Vmicro
Area, Sget (cm? gh) (cm® g?)
(% g?)
MF-400 6 0.023 0.022 -
MF-500 23 0.067 0.067 -
MF-600 42 0.117 0.117 -
MF-700 266 0.309 0.249 -
MF-800 191 0.225 0.198 0.033
MF-C 2 0.12 0.011 0.022
Silica 450 0.721 0.697 -

The development of the pore structure of a material depends on many factors namely nature of
starting material, carbonization conditions (heating rate, gas atmosphere, final temperature and

time) and post-synthesis processing. It is found that the surface area of MF-700 carbon is
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comparatively lower than other carbon adsorbents reported in literature. This difference is
mainly due to nature of the material to be carbonized which is templated melamine-
formaldehyde resin in this case. Carbons from various raw materials under same synthesis
conditions are reported to exhibit different pore structure. Moreover, carbonization conditions
have a strong influence on the textural properties. Low heating rate results in material having
micropores and mesopores while high heating rate produces mainly macroporous materials
with some amount of mesopores. Additionally, most of the literature reported carbons have
been prepared by activation after carbonization in order to improve the textural properties. But,
activation has not been carried out in the present work. Thus, all these factors contribute to

lower surface area of MF-700 carbon as compared to literature values.

4.3.2 X-ray diffraction analysis

The wide angle X-ray diffraction patterns of the prepared carbons as a function of Bragg’s
angle (26) are displayed in Figure 4.4. All the samples demonstrated a broad diffraction peak
at 20 = 26-27° which corresponds to the (002) diffraction planes of hexagonal graphitic carbon
as per JCPDS X-ray Powder Diffraction Database No. 75-1621.
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Figure 4.4 XRD patterns of nitrogen doped carbon adsorbents
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The interlayer spacing between the graphite layers corresponding to the (002) diffraction plane,
doo2, is found to be 0.334 nm which is very close to that of the ideal graphite (with doo2 =0.335
nm) (Table 4.2) [141]. With increase in carbonization temperature, a decrease in the intensities
at (002) diffraction plane is observed that indicate an increase in the irregularity of the layer
structures. Also widening of the peak range for MF-800 causes the cracking or collapse of the
layer structure, thereby affecting the textural properties [142] and the same is supported by the
nitrogen sorption isotherms at -196 °C. Furthermore, absence of sharp diffraction patterns

implies that the prepared mesoporous carbons do not exhibit completely crystalline character.

Table 4.2 Structural parameters of nitrogen doped carbons

Sample Diffraction angle, Interlayer spacing of (002)
26 (°) diffraction plane, doo2 (nm)

MF-400 26.53 0.336

MF-500 26.65 0.334

MF-600 26.65 0.334

MF-700 26.67 0.334

MF-800 26.06 0.341

MF-C 26.64 0.334

Also, the line broadening of the most intense peak in XRD patterns is observed which is mainly
due to the very small crystallite size. This is an apparent property of the nano-materials and
causes broadening of diffraction peak [143]. Thus, the synthesized material is nanostructured

carbon.

4.3.3 Transmission electron microscopy

Figure 4.5 displays the TEM images of the synthesized adsorbents and nanostructures can be
clearly seen. Nanostructures in these prepared materials are in the size range of 30-50 nm.
XRD pattern also indicates that the synthesized adsorbents are nanostructured carbon, which
is in agreement with that obtained from TEM images. Sample obtained by direct carbonization
of MF resin i.e. MF-C exhibited very big structures (>120 nm) and are not in the range of nano-

materials.
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Figure 4.5 TEM images of prepared nitrogen doped carbons

4.3.4 Scanning electron microscopy

Figure 4.6 shows the SEM images of the synthesized adsorbents, clearly indicating the
development of irregular and heterogeneous pores. Many large stacking (external) pores
between the particles can be seen, which expedites the gas diffusion from the bulk gas phase
to the surface of the adsorbent. Surface of MF-800 seems to be compact as compared to the
other carbons which could be attributed to collapse of the pore structure as also observed from
N2 sorption isotherms and XRD. On the other hand, the surface of MF-C sample has very less

number of pores indicating very low porosity development.
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Figure 4.6 SEM images of nitrogen doped carbons (a) MF-500, (b) MF-600, (c, d) MF-700, (e)
MF-800, and (f) MF-C
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4.3.5 Thermogravimetric analysis

Thermogravimetric (TG) profiles of synthesized carbons in the inert atmosphere are depicted
in Figure 4.7. The weight loss profile of all the samples is similar with all of them showing ca.
8% weight loss up to temperature of 100 °C, owing to desorption of CO2, moisture and some
other adsorbed gases, followed by their degradation in single step. Thermal stability of the
synthesized adsorbents increases with increase in carbonization temperature. MF-400 and MF-
500 are stable up to 350 °C. MF-600, MF-700 and MF-800 are stable up to 400 °C, 450 °C and
500 °C respectively. After these temperatures, there is a gradual decrease in the weight of the
adsorbents owing to their decomposition at higher temperatures. MF-700 and MF-C materials
have the similar thermal stability under inert atmosphere thus indicating no significant effect

of the development method on the thermal stability of the materials.
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Figure 4.7 Thermogravimetric profiles of nitrogen doped mesoporous carbon adsorbents

4.3.6 Elemental composition
Elemental composition and Kjeldahl nitrogen of synthesized carbon adsorbents are presented
in Table 4.3. Nitrogen content of the prepared carbons is found to decrease from 35 wt% to 21

wt% with increase in temperature of carbonization from 400 °C to 700 °C and similar trend is
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observed for Kjeldahl nitrogen of the adsorbents. At higher carbonization temperatures, decline
in nitrogen amount of carbons causes an increase in their carbon amount from 41wt% to 52
wit%. However, further increase in carbonization temperature to 800 °C resulted in drastic
decrease in nitrogen and carbon content to 10.46% and 35.60% respectively. As expected, the

N/C molar ratio decreased with increase in carbonization temperature from 0.363 to 0.126.

Table 4.3 Chemical properties of mesoporous carbon adsorbents

sample Kjeldahl Elemental analysis
Nitrogen (%) Carbon Nitrogen  Hydrogen Oxygen N/C molar
(%) (%) (%) (%) ratio
MF-400 38.3 41.35 35.07 3.27 20.31 0.363
MF-500 34.9 42.61 33.12 2.19 22.08 0.333
MF-600 27.9 48.11 26.13 2.29 23.46 0.233
MF-700 22.5 52.53 21.11 2.20 24.17 0.172
MF-800 9.88 35.60 10.46 0.72 53.22 0.126
MF-C 19.6 35.02 20.04 0.70 44.25 0.245

Carbons obtained with and without nanocasting technique i.e. MF-700 and MF-C respectively
exhibited similar nitrogen content but the carbon content in MF-C was ca. 17.5% lower than
MF-700. This indicates that decomposition of the precursor and hence release of volatile matter
during carbonization process is affected by the presence of silica template thereby helping in

controlling the chemical properties of the obtained carbons.

4.3.7 Fourier transform infrared (FTIR) spectroscopy

To understand adsorption of MF derived carbons, it is important to identify the functional
groups developed in these materials but exact chemical structure of MF resin is difficult to be
determined on account of complexity in its structure. Furthermore, it is challenging to establish
the exact structure of carbon adsorbent obtained from carbonization of MF resin as there is
development of very broad range of chemical functional groups during pyrolysis. Qualitative

analysis of the functional groups present in the synthesized carbons was carried out by FTIR
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spectroscopy. FTIR spectra of nitrogen doped mesoporous carbons demonstrate the presence
of similar functional groups as shown in Figure 4.8. Peaks at 1059 cmr! and 1246 cmr® can be
assigned to C—O bond’s stretching vibrations in ester, ether or alcohol group and aromatic C—
N stretching vibration respectively. A band is observed ca. 1604 cmr?! attributing to N-Hbond’s
in-plane deformation vibrations and/or aromatic C=C stretching vibration thereby showing the
presence of aromatic ring structures. The peak at 1770 cm! is assigned to the stretching
vibration of C=0 bonds of carbonyls, esters or anhydrides. A small peak is also observed ca.
3000 cnv! which can be ascribed to stretching vibration of C—H bond of -CH>—NH-CH2—or —
CH2-NH-CH3 while the weak bands at 3400 cm? indicate the presence of N—H symmetric
stretching vibration [95, 144, 145]. Elemental analysis and FTIR confirmed the existence of
nitrogen functional groups on the carbon surface that act as Lewis base active sites for

adsorption of acidic COa..
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Figure 4.8 FTIR spectra of nitrogen doped mesoporous carbons

4.3.8 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was employed to identify the chemical functional
groups developed on the prepared carbons during carbonization of MF resin. Figure 4.9
demonstrates the survey spectra of nitrogen doped carbons and only three different peaks were
observed ca. 285, 400, 532 eV corresponding to carbon (C1s), nitrogen (N1s)and oxygen (O1s)
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respectively. Absence of silica template in the obtained carbons was confirmed by absence of
peak in survey spectra for Si (2s or 2p). Further, high resolution spectra of the obtained carbons
were also investigated to find the chemical binding states of C, N and O in the prepared carbon

materials.
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Figure 4.9 XPS survey scan spectra of MF-based carbons

Figure 4.10 illustrates the XPS spectra of the C1s core level region of MF derived carbons. The
C1sspectra of these carbons were deconvoluted into five different peaks with binding energies
ca. 284.8, 285.7, 286.8, 288.6 and 290.0 eV marked as C1, C2, C3, C4 and C5 respectively.
Peak C1is attributed to sp? (C=C)and sp3 (C-C) hybridized graphitic carbon whereas peak C2
attributes to C-O bond of alcohol, phenol or ether and/or C=N bond. Peak C3 is ascribed for
quinone or carbonyl groups and/or C-N linkage while peak C4 for ester or carboxyl bonds, and
peak C5 corresponds to shake up satellite peaks due to m-m* transitions in aromatic rings [146].
Table 4.4 reports the corresponding binding energy (B. E.), full width at half maximum

(FWHM) and relative area contribution (A%) of each deconvoluted peak.
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Figure 4.10 Deconvoluted XPS spectra of C1s region
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Table 4.4 Deconvolution of XPS spectra of C1s region of nitrogen doped carbons

Sample C1 C2 C3 C4 C5
BE 284.93 285.89 286.71 288.58 289.81
MF-400 FWHM 1.02 1.29 1.87 1.92 1.91
A% 3.72 21.76 47.50 16.59 10.43
BE 284.98 285.89 286.75 288.58 289.86
MF-500 FWHM 1.29 1.33 1.96 1.86 2.23
A% 5.80 23.68 42.46 15.54 12.52
BE 284.84 285.58 286.87 288.65 290.22
MF-600 FWHM 0.95 1.36 2.27 1.83 1.93
A% 21.233 39.23 29.80 6.65 3.09
BE 284.84 285.54 286.87 288.63 290.22
MF-700 FWHM 0.99 1.71 2.29 1.98 2.37
A% 23.42 48.93 19.70 4.75 3.20
BE 284.75 285.69 286.88 288.52 -
MF-800 FWHM 1.71 1.56 1.58 1.94 -
A% 61.69 16.75 11.96 9.60 -
BE 284.75 285.63 286.79 288.76 -
MF-C FWHM 1.15 1.36 1.60 211 -
A% 40.86 37.23 15.53 6.37 -

With increasing temperature of carbonization from 400 °C to 800 °C, relative area percentage
of peak C1 increased from ca. 3.7% to 61.69% with a substantial increase at 800 °C
demonstrating enhanced graphitization character at higher temperatures. C1s core level region
of MF-400 and MF-500 carbons was found to be similar with dominant components being
quinone or carbonyl and/or C-N bonds. Significant change was observed in the chemical
functional groups for carbonization > 600 °C. As compared to MF-400 and MF-500 carbons,
a substantial increase in ether, phenol, alcohol and/or C=N bonds was observed for MF-600

and MF-700 as indicated by increase in A% of C2 peak. On increasing carbonization
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temperature from 700 °C to 800 °C, relative area percentage of C2 peak has decreased
significantly which could be attributed to drastic decrease in nitrogen content and hence C=N
bonds. In contrast, MF-C sample exhibited much higher content of graphitic carbon while ca.
12% lower phenol, alcohol, ether and/or C=N bonds as compared to MF-700 sample.
Therefore, there is an appreciable variation in the A% of graphitic carbon, C-N structures and
C-O structures with rise in carbonization temperature indicating the cleavage of C=0, C-O and

C-N structures and the formation of more stabilized structures.

Next, N1s core level region spectra of MF based carbons (Figure 4.11) was deconvoluted into
four well resolved peaks with B. E. ca. 398.8, 400.0, 401.1, and 403.0 eV labeled as N1, N2,
N3, and N4 respectively. Table 4.5 reports the corresponding B. E., FWHM and A% of the
deconvoluted peaks for all the prepared carbons. Peak N1 ca. 398.8 eV is attributed to the
pyridinic nitrogen while peak N2 is assigned for pyrrolic and/or pyridonic nitrogen. Pyridinic
nitrogen has been described to be highly stable, up to 1000 °C. Although pyridonic and
pyridinic forms of nitrogen have a six membered ring structure, they are not found at same B.
E. Pyridonic nitrogen has similar chemical environment as that of pyrrolic nitrogen due to
tautomeric equilibrium in pyridonic nitrogen and both of them contribute two p-electrons to
the aromatic 7-System. However, only one p-electron is contributed by pyridinic nitrogen to
the m-system. Hence, it is not possible to differentiate pyrrolic nitrogen and pyridonic N within
the precision of XPS measurements. Peak N3 is assigned to quaternary nitrogen while peak N4
corresponds to pyridinic nitrogen oxides. Quaternary nitrogen can have several structures but
only structures in which nitrogen substitutes carbon in aromatic graphene structure at center or
valley positions are stable during pyrolysis [146-149]. B. E. of peak N2 was found to increase
from 399.84 to 400.15 eV with increase in carbonization temperature signifying the presence
of other nitrogen structures such as amide, amine or imide along with pyrrolic and pyridonic
forms of nitrogen. Usually, amide groups are found at B. E. of ca. 399.6-399.9 eV whereas
imides are found ca. 399.7 eV and therefore, it is difficult to separate these peaks [150].
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Figure 4.11 Deconvoluted XPS spectra of N1s region of nitrogen doped carbons
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Table 4.5 Deconvolution of XPS spectra of N1sregion of nitrogen doped carbons

Sample N1 N2 N3 N4
BE 398.80 399.86 401.16 403.05
MF-400 FWHM 1.65 1.73 1.56 4.45
A% 10.76 58.70 24.89 5.66
BE 398.83 399.84 401.14 403.04
MF-500 FWHM 0.98 1.76 1.57 441
A% 8.25 63.04 23.38 5.33
BE 398.73 400.09 401.07 403.13
MF-600 FWHM 154 1.71 1.44 4.52
A% 53.22 28.85 12.70 5.23
BE 398.73 400.14 401.14 403.12
MF-700 FWHM 1.55 1.64 1.33 4.48
A% 46.66 30.19 15.84 7.31
BE 398.66 400.15 401.17 403.01
MF-800 FWHM 1.89 1.79 2.15 4.66
A% 35.72 23.83 15.62 24.83
BE 398.75 400.04 401.01 403.04
MF-C FWHM 1.16 1.81 1.83 3.49
A% 56.07 24.06 15.72 4.15

Carbonization < 500 °C resulted in carbons having majorly pyrrolic and/or pyridonic form of
nitrogen along with amides, amines and/or imides. However, increasing carbonization
temperature to 600 °C lead to a significant increase in A% of peak N1 and decrease in A% of
N2 peak. Conversion of pyrrolic nitrogen to pyridinic nitrogen could be the reason for this
change in A% of these two peaks. Also primary amines present may be lost at this carbonization
temperature as they have been reported to decompose at 600 °C. A% of peak N4 attributing to
pyridinic nitrogen oxides was minimum for all N-doped carbons except MF-800. During the

carbonization, pyridinic nitrogen and quaternary nitrogen are reported to be the most stable
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forms of nitrogen. Contribution of these two forms of nitrogen were found to increase from ca.
35.6% to 62.5% with increase in carbonization temperature from 400 °C to 700 °C. But further
rise in carbonization temperature to 800 °C resulted in decrease in their content. Increased
oxygen content and drastically decreased nitrogen content in MF-800 may lead to formation of
pyridinic nitrogen oxides and hence higher A% of N4 peak for this sample. Additionally, N-
doped carbons have most of the nitrogen functionality as pyridinic and pyrrolic and/or
pyridonic nitrogen and these forms of nitrogen have electron donating capability thereby
exhibiting Lewis basicity and serving as active sites for adsorption of CO». Relative area
percentage of pyridinic nitrogen is more for MF-C sample as compared to MF-700 sample but
rest of the nitrogen functionalities have similar relative contributions. As the overall nitrogen
content of MF-C is much lower than MF-700, the former sample will be exhibiting lower
basicity than the later.

High resolution spectra O1s region of N-doped carbons (Figure 4.12) was deconvoluted into
four different peaks with B.E. around 531.3, 532.4, 533.6, and 535.0 eV referred as O1, O2,
O3 and O4 respectively (Table 4.6). O1 peak is assigned to C=0 bond of ketone, carbonyl
lactone linkages whereas peak O2 corresponds to carbonyl oxygen of anhydrides, esters,
amides, and oxygen atom of alcohol, phenol or ether groups. Peak O3 and O4 are attributed to
oxygen of carboxylic groups and oxygen in water respectively [146]. MF-400 carbon has
oxygen mainly as carboxylic linkages assuggested by highest relative area contribution of peak
03. While A% of peaks O1 and O2 was found to increase appreciably with rise in temperature
from 400 °C to 700 °C and is at the cost of carboxylic groups. Further increase in carbonization
temperature to 800 °C leads to drastic decrease in O1 peak while a substantial increase in O2
peak. O1s envelope of MF-C sample is substantially different from rest of the carbon samples.
The dominant component in MF-C sample is anhydrides, esters, amides, and/or alcohol, phenol
or ether groups followed by almost equal contribution of carbonyl/ketone and carboxylic
groups. Oxygen functional groups as predicted by high resolution O1s spectra, developed
during different carbonization conditions, are in good accord with that obtained from high

resolution C1s spectra of the prepared carbons.
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Figure 4.12 Deconvoluted XPS spectra of O1s region of nitrogen doped carbons
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Table 4.6 Deconvolution of XPS spectra of Ol1sregion of nitrogen doped carbons

Sample O1 02 03 04
BE 531.35 532.49 533.64 535.01
MF-400 FWHM 1.05 1.33 241 1.27
A% 3.46 13.92 70.85 11.77
BE 531.36 532.47 533.68 535.02
MF-500 FWHM 1.30 1.98 2.29 1.30
A% 6.62 40.18 46.90 6.31
BE 531.30 532.45 533.65 535.06
MF-600 FWHM 1.69 1.73 1.77 2.59
A% 36.98 33.18 25.00 4.85
BE 531.26 532.44 533.67 535.16
MF-700 FWHM 1.78 1.73 1.75 3.11
A% 39.84 26.40 21.03 12.73
BE 531.45 532.60 533.45 535.01
MF-800 FWHM 1.08 131 1.89 1.90
A% 11.06 54.30 32.85 1.79
BE 531.20 532.34 533.78 535.06
MF-C FWHM 1.75 1.61 1.52 1.26
A% 26.08 41.69 28.70 3.53

4.3.9 Surface basicity by Boehm titration

Carbon materials exhibit acidic surface properties because of the existence of phenols,
carboxyl, lactones or lactols, groups. On the other hand, functionalities like pyrones,
chromenes, ethers and carbonyls are account for basic properties of the carbon surfaces.
Surface acidity of the synthesized adsorbents decreases with the increase in the carbonization
temperature from 400 °C to 700 °C. Alternatively surface basicity increases from 2.98 to 4.07

milli equivalents per gram (meq g!) (Table 4.7) with increase in carbonization temperature
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from 400 °C to 600 °C but after further increase in temperature, there is no change in the
basicity.

Table 4.7 Surface acidity and basicity by Boehm titration of the carbon adsorbents

Sample Acidity (meq g?) Basicity (meq g!)
MF-400 2.12 2.98
MF-500 1.69 3.35
MF-600 1.15 4.07
MF-700 0.86 4.05
MF-800 1.05 1.70
MF-C 2.67 0.54

Onincreasing the carbonization temperature to 800 °C, surface basicity of the obtained carbon
decreased drastically to 1.7 meq g* with a small increase in surface acidity. On the other hand,
carbon obtained without nanocasting technique displayed very low basic character and a very
high surface acidity of 2.67 meq g1. Generally acidic and basic surface sites coexist usually
but the concentration of basic sites increases with decreasing acidic character of the surface.
For all the samples except MF-C, the amount of basic groups is significantly higher than total
amount of acidic groups. These results suggest that all the synthesized carbon adsorbents from

nanocasting technique have mainly basic character.

4.4 CO; adsorption performance

4.4.1 Effect of carbonization temperature

Prepared nitrogen doped carbon adsorbents were evaluated for CO2 adsorption capacity at 30
°C under 10% CO:2 concentration in N2 and results are illustrated in Figure 4.13. The
breakthrough curve for CO2 adsorption is obtained by monitoring the CO2 concentration at the
exit of the adsorption bed as a function of time. At the outset of adsorption process, for the
most part mass transfer takes place near the adsorption bed inlet when the adsorbate comes in
contact with the adsorbent. At that time, the adsorbate concentration at the bed exit becomes

zero. With time, adsorbate near the inlet becomes saturated and the mass transfer zone moves
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further in the direction of adsorbate flow. This continues till the complete bed is saturated with
the adsorbate. Adsorbate concentration at the outlet gradually increases and finally becomes
equal to the inlet concentration when the adsorbent bed is completely saturated.

Two parameters namely equilibrium CO2 adsorption capacity (de) and breakthrough time (tv)
are calculated. Breakthrough time is the time when effluent CO2 concentration reaches 10% of
inlet CO2 concentration and typically the gas mixture is diverted to a fresh adsorbent bed on
reaching this limit. CO:2 breakthrough curves of the prepared carbons tend to shift towards
higher times as the carbonization temperature increased from 400 °C to 700 °C signifying
higher CO2 adsorption capacities at higher carbonization temperatures while increase in
carbonization temperature to 800 °C resulted in shifting of the breakthrough curve to lower
times indicating decline in adsorption capacity of MF-800 sample (Figure 4.13a). MF-700
carbon exhibited the highest tp of ca. 3.5 minutes followed by MF-800 (1.9 minutes) and then
MF-600 (0.24 minutes). MF-C carbon exhibited a very small tp of ca. 0.15 minutes
demonstrating very low CO2 adsorption capacity.
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Figure 4.13 (a) Breakthrough profiles of CO2 adsorption, and (b) CO2 adsorption capacity of
nitrogen doped carbon adsorbents at 30 °C and 10% CO2 inlet concentration

As the carbonization temperature was increased from 400 °C to 700 °C, the dynamic adsorption
capacity (ge) is found to increase significantly reaching a maximum value of 0.782 mmol g*
for MF-700 (Figure 4.13b). Adsorbents synthesized up to carbonization temperature of 600 °C
have small CO2 adsorption capacities due to relatively lower surface area and pore volume. On
the other hand, carbonization at 700 °C introduced the microporosity in the adsorbent thereby

significantly enhancing the textural properties like BET surface area and pore volume as well
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as COz adsorption capacity. Further increase in carbonization temperature to 800 °C resulted
in decrease in value of ge to 0.62 mmol gt at 30 °C and 10% CO: feed concentration which
could be ascribed to decreased textural properties and surface basicity due to partial collapse
of pore structure. On the other hand MF-C sample showed very small CO: uptake of 0.186
mmol g! under similar conditions due to very less development of pore structure.

On account of improved textural properties and enhanced basic character, MF-700 sample
exhibited the best dynamic CO: adsorption capacity. N2 sorption isotherms indicated the
considerable enhancement in textural properties of MF-700 i.e. development of microporosity
along with high mesopore volume. Presence of heteroatoms such as nitrogen and oxygen
imparted high basic character to MF derived carbon. Carbonization up to 500 °C produced
carbons having nitrogen functionalities majorly as pyrrolic and/or pyridonic nitrogen followed
by quaternary nitrogen with very small amount of pyridinic nitrogen. In contrast, carbons
obtained at carbonization temperature of equal or more than 600 °C have nitrogen moieties in
the form of pyridinic nitrogen followed by pyrrolic and/or pyridonic nitrogen with low amount
of quaternary nitrogen. Both pyridinic and pyrrolic and/or pyridonic form of nitrogen have
been reported to have lone pair of electrons thereby exhibiting Lewis basicity, thus providing
active sites for adsorption of acidic CO2 gas. Pyridinic nitrogen has been reported to be more
basic in nature than pyrrolic nitrogen and hence having higher affinity for CO2 [144, 151]. On
the other hand, quaternary nitrogen exhibits Lewis acidic character [96, 152]. Therefore,
carbons obtained at or above 600 °C i.e. MF-600 to MF-800 have more basicity than rest of
the two samples (MF-400 and MF-500). It should also be noted that adsorption capacity
depends on the nature of nitrogen functionalities present on the surface and not on the total
nitrogen content. Thus, CO2 adsorption capacity of MF-600, MF-700 and MF-800 was found
to be higher than that of MF-400 and MF-500 though total nitrogen content had decreased with

carbonization temperature.

Surface chemistry of the prepared carbons is also affected by the nature of oxygen moieties
present. Basic character to the carbon is imparted by carbonyls, ether and pyrone groups
whereas phenols, carboxyls, lactols or lactones are responsible for acidic character of the
carbon materials. Relative area contribution of carbonyl and pyrone groups was found to
increase while A% of carboxyl and lactone/lactol groups decreased with rise in carbonization
temperature as indicated by high resolution O1s spectra. However, it is not possible to
distinguish ether and phenol functionality by XPS as both of them are found ca. 532.4 eV.
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From Boehm titration method, surface basicity was found to increase with increase in
carbonization temperature which may further enhance the adsorbent’s affinity towards COo2.

As a result, it can be said that CO2 adsorption capacity of the prepared carbons is dependent on
both textural parameters and surface chemistry of the carbon materials. MF-700 has been
selected for further adsorption studies on account of its best textural properties, high basicity

along with highest dynamic CO: adsorption capacity among the prepared N-doped carbons.

4.4.2 Effect of adsorption temperature and CO; feed concentration

To investigate the effect of temperature and CO2 feed concentration on CO2 adsorption
performance of synthesized carbon adsorbent, breakthrough adsorption experiments were
carried out at four different temperatures ranging from 30 °C to 100 °C with four different feed
COz2 concentrations (5-12.5% by volume) and the breakthrough curves obtained for MF-700
as a function of adsorption temperature are depicted in Figure 4.14.
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Figure 4.14 Breakthrough curves of MF-700 as a function of adsorption temperature at (a)
5%, (b) 7.5%, (c) 10%, and (d) 12.5 % feed CO2 concentration in N2
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During the initial phase of the process, no CO2 was detected in the outlet stream because of the
complete adsorption. The ratio of C/C, shows the gradual increase in outlet CO2 concentration,
where C and C, refer to the outlet and inlet CO:2 concentrations respectively. For a fixed inlet
CO2 concentration, the breakthrough curve is found to shift towards lower times with increase
in adsorption temperature. For 5% CO2 concentration, t, decreased from 3.84 min to 0.16 min
as temperature increased from 30 °C to 100 °C. This elucidates the fall in CO2 adsorption
capacity with temperature. Besides, breakthrough time is observed to decrease with increase in
inlet CO2 concentration, for each temperature, though this change in to becomes smaller at
higher temperature. For 100 °C, tp is almost constant at 0.16 min for all CO2 concentrations.
Time required for outlet CO2 concentration to become equal to inlet concentration i.e.
equilibrium time also decreased with temperature due to more rapid movement of CO2 in the

carbon pores and hence faster adsorption Kinetics.
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Figure 4.15 Adsorption capacity of MF-700 as a function of CO2 feed concentration at
different temperatures

Figure 4.15 presents the dynamic CO3 adsorption capacity of MF-700 carbon as a function of
COzinlet concentration for all adsorption temperatures. Dynamic adsorption capacity tend to
decrease with rise in adsorption temperature for all CO: inlet concentrations (Table 4.8),

indicating exothermic nature of adsorption process. With increase in temperature, both surface
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adsorption energy and rate of diffusion of adsorbate molecules increase thereby leading to
instability of adsorbate molecules on adsorbent surface and hence leads to desorption. CO2
adsorption capacity declined from 0.83 mmol g*to 0.29 mmol g! with increase in temperature
from 30 °C to 100 °C under 12.5% CO2 concentration This drop in adsorption capacity is more
significant at higher CO:2 feed composition. For low CO:2 concentration, there is limited
availability of CO2 per site of adsorbent, thereby having less impact on decrease in CO2 uptake

with temperature.

Table 4.8 CO2 adsorption capacity of MF-700 at different adsorption temperatures

CO, feed CO:2 adsorption capacity (mmol g?)
concentration (%) 30 °C 50 °C 75 °C 100 °C
5 0.43 0.34 0.25 0.13
7.5 0.59 0.46 0.41 0.21
10 0.78 0.60 0.49 0.27
125 0.83 0.66 0.54 0.29

On the contrary at a given temperature, dynamic adsorption capacity was found to increase
with increase in CO2 gas concentration due to increased driving force and therefore, increased
CO2 mass transfer rate across the boundary and within the carbon pores at high CO:
concentration. But the increment in CO2 uptake decreases with increasing concentration and
would reach saturation at a certain CO2 partial pressure. With increase in concentration from
10% to 12.5% at 30 °C, there was only ~6% increase in CO2 adsorption capacity whereas
increase in CO2 concentration from 7.5% to 10% lead to ~32% increment in CO2 uptake.
Dynamic adsorption capacities observed for MF-700 are in conformity with literature reported
values for carbons under similar operating conditions [153]. Synthetic activated carbons,
produced by carbonization and steam activation of coal tar pitch and furfural, exhibited
dynamic CO3 adsorption capacity of 0.61 mmol g and 0.30 mmol g under 15% CO2 rest N2
flow at 30 °C and 50 °C respectively [100]. MF-700 carbon exhibited adsorption capacity ~2
times than this synthetic carbon at 50 °C. Chemical (ZnCl2) and physical (CO32) activation of
soybean produced carbons having dynamic adsorption capacity of 0.93 mmol g! and 0.51

mmol g! at 30 °C and 75 °C respectively under 15.4% CO> atmosphere. However, this carbon
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was not regenerated completely during second cycle for adsorption at 75 °C thereby showing
zero adsorption capacity in the next cycle [89]. Maroto-Valer et al. [86] reported CO2 uptake
of 0.93 mmol g! and 0.42 mmol g at 30 °C and 75 °C respectively by fly ash derived activated
carbons. Dynamic capacities of MF-700 are comparable with these activated carbons at higher
adsorption temperatures suggesting them as potential candidates for adsorption of CO2 under

real flue gas conditions.

4.4.3 CO, selectivity

CO2 adsorption selectivity is another important parameter along with the adsorption capacity
of the adsorbent for an efficient adsorption process. Figure 4.16 shows the breakthrough curves
for CO2 and N2 for adsorption on MF-700 in 12.5% CO2 rest N2 atmosphere at two adsorption
temperatures i.e. 30 °C and 50 °C. It can be seen that N2 is observed immediately at the exit of
the adsorption column showing very small adsorption capacity for N2. On the other hand, no

CO2 was detected for around 2 minutes, showing higher affinity towards COo.

—= N2 ——N2
—o—CO2 —o—CO2

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35
Time (min) Time (min)

Figure 4.16 Breakthrough curves of CO2 and N2 for 12.5% CO2 rest N2 on MF-700 at (a) 30
°C, and (b) 50 °C

A hump (C/Co> 1) is observed in breakthrough curve for N2 which represents the competitive
nature of the adsorption process. As the concentration of N2 is higher than CO:2 in the feed gas,
it occupies more sites on the adsorbent surface initially but with time adsorbed N2 is displaced
by CO: due to selectivity of adsorbent towards CO2. Hence, concentration of N2 at the exit
shows a hump of concentration over that in the inlet gas. Presence of nitrogen on the carbon
matrix results in basic carbon adsorbents with increased delocalized electrons, thereby

enhancing their selectivity towards CO2 over Na.
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4.4.4 Cyclic adsorption-desorption study

For long-term use of an adsorbent, another key factor is its reusability. Hence, multi-cycle
adsorption-desorption experiments were conducted to assess the regenerability and cyclic
stability of the prepared carbons. After the saturation of adsorbent with CO2, gas flow was
switched from simulated flue gas to pure N2 with increase in bed temperature to 200 °C to carry
out desorption. Figure 4.17a demonstrates the multi-cycle CO: adsorption-desorption profile

of MF-700 for adsorption at 30 °C and 12.5% CO:2 concentration. It can be seen that complete

saturation is achieved within 10 minutes. Adsorbed CO:2 was easily removed from the

adsorbent surface as indicated by the sudden drop in CO2 concentration profile.
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Figure 4.17 (a) Multi-cycle adsorption-desorption concentration profile for adsorption at 30 °C &
12.5% CO2, and (b) Adsorption capacity over 4 consecutive adsorption-desorption cycles as a

function of temperature at 12.5% CO:2 concentration

Figure 4.17b depicts the cyclic dynamic CO3 adsorption capacity of MF-700 carbon at differe nt
adsorption temperatures under 12.5% CO: flow. CO2 adsorption capacities for four runs were
nearly identical showing complete regeneration and stability of MF-700 for long-term cyclic
operations. Thus, temperature swing adsorption of CO2 on prepared carbons is completely
reversible. Sudden drop in CO:2 concentration profile could be due to removal of some
physically adsorbed molecule but high temperature is required for the complete removal of
adsorbed CO2 as most of the CO:zis strongly adsorbed on the carbon surface due to bonding
with basic sites present on the material. This has been confirmed from the temperature
programmed desorption (TPD) study of CO2 on MF-700. It was carried out to identify the

nature of adsorption process and the result is presented in Figure 4.18. Two desorption peaks
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were observed in the temperature range of 65-85 °C and 200-225 °C. First desorption peak ca.
65-85 °C could be mainly due to removal of physically adsorbed CO2 molecules while the
second desorption peak ca. 200-225 °C indicates strong bonding, due to covalent bond
formation, between MF based carbon and CO2 molecules [154]. The second peak of MF-700
is centred at 210 °C at which CO:2 desorption is very high. This is possibly due to very high
basic character of carbon surface imparted by basic nitrogen functionalities (pyridinic and
pyridonic/pyrrolic nitrogen) and the same has been confirmed by XPS results. Moreover,
desorption temperature also indicates the strength of the basic sites present on the material
[155] and desorption of COzatsuch high temperature of ca. 200 °C suggests existence of highly
basic sites on the carbon surface thereby indicating chemisorption of CO2 on nitrogen doped

mesoporous carbon materials.
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Figure 4.18 CO2-Temperature programmed desorption profile of MF-700

4.5 Equilibrium sorption measurements

Among the prepared carbons as nitrogen doped mesoporous carbon obtained at 700 °C i.e. MF-
700 exhibited the best textural and surface properties, equilibrium CO2and N2 uptake of only
this adsorbent was investigated at four different temperatures (30-100 °C). Figure 4.19 shows
the adsorption-desorption isotherms of pure CO2and N2 on MF-700 carbon as a function of
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pressure at different temperatures. CO2 was found to adsorb more strongly than N2 on MF-700
at all adsorption temperatures. The amounts of CO2 and N2 adsorbed decreased with rise in
adsorption temperature while they increased with increase in pressure. With increase in
adsorption temperature from 30 °C to 100 °C, equilibrium CO2 adsorption capacity decreased
from 1.15 mmol g! to 0.52 mmol g! respectively at 1 atm. Adsorption-desorption isotherms
of CO2 and N2 exhibited a hysteresis loop for all adsorption temperatures indicating
requirement of small energy for adsorbent reuse. This energy requirement is because of strong
binding between acidic CO2 molecules with basic nitrogen functional groups present in the
carbon matrix. N2 uptake of MF-700 was very small with a maximum of ca. 0.08 mmol g at
30 °C indicating higher selectivity of MF-700 towards CO2 over No.
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Figure 4.19 Adsorption (closed symbols) - desorption (open symbols) isotherms of (a) COq,
and (b) N2 on MF-700 at different adsorption temperatures (30-100 °C) as function of
pressure

Carbon nitride materials prepared from polymerization of ethylenediamine and carbon
tetrachloride in pores of mesoporous silica (FDU-12) followed by carbonization at 600 °C for
5 h exhibited CO2 adsorption capacity of 1.4 mmol g! at 25 °C and 1 bar [110]. Direct pyrolysis
of resorcinol, formaldehyde and lysine at 500 °C (RFL-500) produced carbon that exhibited
very high CO2 uptake of 3.13 mmol g at 25 °C as compared to our material [95]. However,
uptake of CO: at higher adsorption temperatures (100-120 °C) are comparable with MF-700
carbon. Also CO2 adsorption capacity at higher temperatures has more relevance pertaining to

CO2 capture from flue gas.
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4.6 Kinetic study

CO:2 adsorption kinetics on MF derived carbon was studied by isothermal adsorption at four
different temperatures (30-100 °C) under varying COg2 concentrations using three Kinetic
models i.e. pseudo-first order, pseudo-second order and fractional order kinetic models. Figure
4.20 shows the CO: adsorption capacity of MF-700 as a function of time at various adsorption
temperatures and CO: feed concentrations and the corresponding adsorption profiles as
predicted by different kinetic models. Most of the adsorption occurred within few minutes of
contact with CO.. Later on adsorption rate became slower until equilibrium condition was
attained. During the adsorption process, there is an increase in diffusion resistance and
reduction in the unoccupied active sites which leads to a decrease in the adsorption rate. Kinetic
model parameters along with correlation coefficients (R?) and associated errors (as calculated
by Eq. (3.10)) are reported in Table 4.9.
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Figure 4.20 Experimental uptake of CO2 on MF-700 carbon along with corresponding fit to
adsorption kinetic models at different adsorption temperatures and CO: inlet concentrations
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Pseudo-first order and pseudo-second order kinetic models showed some limitations with
regard to prediction of CO:2 adsorption on MF-700 while fractional order kinetic model is
observed to provide the best explanation of CO2 adsorption process on mesoporous carbon
adsorbent in the fixed bed. Pseudo-first order kinetic model underestimated the uptake of CO-
up to 3-4 minutes at all adsorption temperatures and CO2 concentrations. After this, it closely
followed the adsorption process for adsorption at 30 °C and 50 °C while continuously
overestimating the CO:2 uptake till equilibrium for adsorption at 75 °C and 100 °C under 5%
and 7.5% CO2 concentrations. In contrast for adsorption under 10% and 12.5% CO:
concentrations, pseudo-first order kinetic model overestimated CO:2 uptake at all adsorption
temperatures after ca. 3—4 minutes. Pseudo-second order kinetic model overestimated CO:2
uptake for adsorption at 30 °C and 50 °C while underestimated the same for adsorption at
higher temperatures up to 3 minutes. Hereafter it closely followed the experimental data while
predicting very high equilibrium capacities. On the other hand, pseudo-first order model was
found to be in good accord with the experimental equilibrium capacities. Moreover, higher
values of error %, based on normal standard deviation, for these two Kinetic models suggest
that these models are not strictly followed by the experimental CO2 uptake for mesoporous

carbon.

On the other hand, adsorption behavior as predicted by fractional order model was in good
agreement with the experimental data over the entire adsorption region with maximum error of
ca. 4.2%. Also predicted equilibrium adsorption capacity was also found to be in good concord
with the experimental value. Lower values of error % from fractional order model compared
to pseudo-first and pseudo-second order models, within the range of adsorption temperature

and CO2 feed concentration, recommend its applicability for mesoporous carbon adsorbent.
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Table 4.9 Kinetic model parameters for adsorption of CO2 on MF-700 at different CO feed concentrations and adsorption temperatures

CO, Pseudo-first order model Pseudo-second order model Fractional order model
Adsorption  concn. k
temp. ICE°C) (voume K1 (mqnem BTN @ (mqr:m R ETOr (mr:gll-m (mc::m N
%) (min) gl % mmc_):l g') " g"iminm)  g?) %
mint)
5 0.381 0425 0987 4177 1434 0457 0992 1.746 0.268 0429 0.796 0.627 0.997 1.678
7.5 0.308 0.587 0.989 4.012 0.737 0.644 0962 7.486 0.295 0.584 0921 1.081 0.989 4.017
» 10 0.244 0.773 0.996 4.480 0.383 0.871 0976 10414 0.307 0.783 1.755 1.614 0.999 0.749
125 0347 0815 0989 3828 0639 0.885 0.99% 1.864 0.334 0.829 1954 1.703 0.998 1.097
5 0.341 0.337 0.983 5163 1576 0.365 0.988 3.232 0.168 0.340 0.760 0.606 0.995 2.360
7.5 0.290 0459 0.998 2.213 0.883 0505 0.985 4.150 0.192 0.459 0.850 0.837 0.999 1.067
” 10 0.203 0589 0993 4.026 0.398 0.675 0.996 2.480 0.272 0.615 1.302 0.943 0.998 1.579
125 0.235 0.638 0.982 5807 0465 0.718 0.998 1.559 0.268 0.677 1.364 0960 0.998 1.279
5 0446 0.239 0933 7556 2979 0.256 0.984 3.810 0.085 0.249 0466 0.290 0.997 1.627
75 7.5 0.196 0.394 0.938 10.959 0.622 0.448 0.980 6.137 0.091 0412 0490 0405 0.996 1.928
10 0.158 0484 0979 7.791 0.344 0569 0.995 2997 0.111 0493 0521 0565 099 2.223
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12.5 0.198 0528 0961 9.418 0465 0.599 0.987 5.046 0.156 0.541 0532 0.599 099 2.294
5 0.307 0.124 0928 8.891 3505 0.137 0.983 4.306 0.042 0.132 0.347 0.298 0.998 1.149
7.5 0.201 0.200 0.939 11142 1307 0225 0972 7.015 0.057 0.205 0403 0465 0987 4.101
. 10 0.155 0.263 0961 10919 0.640 0.308 0.985 6.571 0.072 0.269 0.445 0.503 0.996 2.594
12.5 0.159 0.284 0960 11.153 0.619 0.331 0.977 7.705 0.088 0.288 0.523 0.554 0991 4.161
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As CO2 adsorption is an exothermic process and is favored at lower temperatures, there was a
decrease in adsorption rate constant kn with increase in adsorption temperature. Parameters n
and m of fractional order model indicate the effect of the driving force and diffusion resistance
respectively. It has been reported that effect of driving force is also related to adsorption
apparatus and mode of filling of adsorbent [121]. But in the present study as the adsorption
apparatus and filling method have been same thus the effect of these two parameters on
parameter n may not be significant. With increase in CO: inlet concentration, n is found to
increase which could be ascribed to the increased driving force at higher CO2 concentrations
that helps in diffusion of CO2 into the carbon adsorbent. Pseudo-order with respect to driving
force i.e. n had the maximum value at 30 °C and decreased with increase in adsorption
temperature thereby indicating the large driving force at 30 °C. Parameter m indicates the
fastness of the adsorption process and its value increased with increasing CO2 concentrations

thus showing faster adsorption at higher CO2 concentrations.

Temperature dependence of fractional order kinetic constants was described by Arrhenius
equation. The plot of In (kn)vs. 1/T for adsorption of CO20n MF-700 is depicted in Figure 4.21
and the parameters of Arrhenius equation, obtained by nonlinear regression, are listed in Table
4.10. Value of activation energy (Ea) was found to be negative (deactivation) which was due
to declining rate constant values with increasing temperatures. Negative activation energies
have been reported by few research groups and such reactions have been considered as
typically barrierless ones in which reaction is dependent on capture of molecules in the
potential well [156, 157]. Moreover, absolute value of Ea decreased with increase in CO2

concentration which is indicative of facilitated CO:2 adsorption at high partial pressure of CO-.
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Figure 4.21 Arrhenius plot for fractional order kinetic rate constant of CO2 adsorption on
MF-700

Table 4.10 Parameters of Arrhenius equation for adsorption of CO2 on MF-700

CO2 concentration

vokme %) A Ea (kJ mol?) R2
5 1.46 x 1075 -24.914 0.990
75 3.72 x 1075 -22.726 0.992
10 839 x 105 -21.031 0.941
12.5 278 x 1072 -18.127 0.965

4.7 Isotherm study

4.7.1 Pure component isotherm

Experimental data of pure component adsorption of CO2 and N2 on MF-700 were fitted by
using three pure component isotherm models i.e. Langmuir, Sips and dual-site Langmuir
isotherm models at different adsorption temperatures. The experimental data and the model
predicted isotherms for both the adsorbates are presented in Figure 4.22 and the obtained model
parameters along with sum of the squared relative errors (SSE) are reported in Tables 4.11-
4.13.
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Figure 4.22 Experimental adsorption isotherms of (a) COz2, and (b) N2 on MF-700 at
different temperatures and their corresponding isotherm model fits

Langmuir adsorption isotherm model is thermodynamically sound and exhibits correct

asymptotic behavior as it approaches Henry’s law in the low pressure range. But this model
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could not explain well adsorption of CO2 on MF-700 at all adsorption temperatures. It
continuously deviated from the experimental data at all pressures, with SSE in the range of 16—
22%, though it has been reported to be suitable for adsorption in low pressure regions. Onthe
other hand, experimental data of CO2 adsorption was fitted considerably better by both Sips
and DSL isotherm models as compared to Langmuir isotherm model and the same is indicated
by lower values of SSE for Sips (< 4.5%) and DSL (< 3.8%) models than Langmuir model.
Heterogeneity of the adsorbent surface is signified from these results. Several research groups
have also shown the conformity of Sips and DSL equation with CO2 adsorption on carbon
materials [127, 158]. Adsorption of N2was explained well by all the three isotherm models and
a small difference is found between them. This could be due to linear shape of N2 isotherm

which can be fitted reasonably well with all these isotherm models [158].

Table 4.11 Langmuir isotherm model parameters for pure component adsorption on MF-700
at different temperatures

Temperature (°C)

Component Parameter
30 50 75 100
gm (mmol g1 1.29 1.16 0.95 0.78
b (atm1) 5.63 4.34 2.73 1.79
CO2 SSE (%) 20.37 22.08 18.93 16.23
bo (atnr?) 0.0122
B (kJ molY) -15.586
gm (Mmol g'1) 1.03 0.85 0.58 0.39
b (atmrl) 0.086 0.071 0.064 0.060
N2 SSE (%) 2.56 5.12 6.03 7.34
bo (atnr?) 0.0130
B (kJ molY) -4.675
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Table 4.12 Sips isotherm model parameters for pure component adsorption on MF-700 at
different temperatures

Temperature (°C)

Component Parameter
30 50 75 100
gm (mmol g1) 2.26 2.02 1.62 1.30
b (atnre) 1.028 0.937 0.793 0.655
c 1.728 1.621 1.434 1.302
CO2
SSE (%) 4.40 1.78 3.17 247
bo (atn®) 0.0953
B (kJ mol?) -6.058
gm (mmol g1) 0.661 0.495 0.326 0.223
b (atnr®) 0.141 0.130 0.121 0.110
c 0.971 0.930 0.928 0.969
N2
SSE (%) 1.59 7.70 6.46 591
bo (atn®) 0.0392
B (kJ mol?) -3.227

Table 4.13 Dual-site Langmuir isotherm model parameters for pure component adsorption on
MF-700 at different temperatures

Temperature (°C)

Component Parameter
30 50 75 100
qz,m (mmol g1) 0.508 0.404 0.253 0.142
2,m (mmol g1) 1.195 1.254 1.128 0.973
CO2
b1 (atm?) 25.765 22.235 14.238 10.329
b2 (atm?) 1.200 0.909 0.746 0.657
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SSE (%) 3.04 2.79 3.70 3.09

bo.1 (atnr?) 0.174 bo. (atn?) 0.048
E1 (kJ molt) -12.749 Ex (ki molt)  -8.029
qum (Mmol g?) 0.406 0.326 0.204 0.195
G2.m (Mmol g?) 0.627 0.502 0.385 0.195
b1 (atmrt) 0.0863 0.0730 0.0629 0.0604
N> b2 (atmrt) 0.0859 0.0729 0.0628 0.0604
SSE (%) 2.55 2.69 5.65 7.27
bo.1 (atnr?) 0.0120 bo. (atn?) 0.0123
E1 (kJ molt) -4.905 E» (kI mofl)  -4.838

Parameter b of these isotherm models indicates the affinity of adsorbate towards the adsorbent
surface and significantly higher values of b were obtained for CO2 as compared to No.
Moreover, higher values of gm were obtained for CO2 adsorption than N2 in all the three
isotherm models. For adsorption of N2 on MF-700, values of parameters b: and bz in DSL
isotherm are almost equal thereby indicating that component 2 i.e. N2 in the binary system
considers both the adsorption sites as equal free-energy sites. Hence, there will be no energetic
site-matching issue and component 1 i.e. CO2 will see site 1 as high free energy site and site 2
as low free energy site. So, there will be only one value of adsorbed amount for an adsorbate
at a given temperature and gas composition conditions. Decrease in value of parameter b
(Langmuir and Sips model), bi and bz with temperature indicates exothermic nature of
adsorption process. Heterogeneity of the adsorbent surface is indicated by parameter ¢ of Sips
isotherm model and deviation in value of ¢ from unity in case of CO: indicates heterogeneity
of the adsorption process.

4.7.2 Binary component isotherm
As pure component adsorption data of CO2 and N2 on MF-700 was explained suitably by Sips
and DSL isotherm models, only these models were extended for binary component adsorption.

Also, ideal adsorbed solution theory was applied to isotherms of these two pure component
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models. Total and partial adsorbed amounts of CO2 and Nz, in binary system, on MF-700 at
different adsorption temperatures are depicted in Figure 4.23. Comparison between predicted
adsorbed amounts of CO2 from Sips, DSL, IAST-Sips and IAST-DSL isotherm models and

experimental values of CO: adsorbed is presented in Table 4.14.
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Figure 4.23 Binary adsorption isotherms for CO2-N2 mixture on MF-700 at (a) 30 °C, (b) 50
°C, (c) 75 °C, and (d) 100 °C (symbols represent experimental data and lines represent model
predicted data)

It can be seen that both Sips and DSL equations varied wildly in their prediction of CO:2
adsorbed amounts. Binary system DSL equation predicted higher CO2adsorption capacity than
binary component Sips equation while lower capacity for N2 adsorption. But both the isotherm
models predicted significantly lower CO:2 adsorption capacities compared to breakthrough
capacities. IAST forms of these two isotherm models predicted almost similar capacities for
CO2 although these values were considerably lower than the experimental values. Uptake of

N2 was also under predicted by IAST forms of both Sips and DSL models. Therefore, it can be
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concluded that all the models used in the present study to predict binary system adsorption
equilibria (from pure component adsorption isotherms) deviated greatly from the experimental
data (obtained from binary breakthrough curves). Total and partial adsorbed amounts were
highly under predicted by all these models with maximum under estimation by Sips and IAST

based Sips isotherm models for CO2 and N2 adsorption respectively.

Table 4.14 Comparison of experimental and predicted binary system CO2adsorption capacities
on MF-700 based on binary component adsorption isotherms

CO2 mole CO2 adsorption capacity (mmol g?1)
Temperature fraction in ) ) DSL |AST-S|pS IAST-DSL
feed Experimental  Sips model model model model
0.050 0.432 0.311 0.339 0.337 0.337
0.075 0.590 0.380 0.418 0.412 0.417
30 °C
0.100 0.782 0.436 0.478 0.472 0.479
0.125 0.830 0.484 0.527 0.523 0.529
0.050 0.342 0.235 0.257 0.253 0.256
0.075 0.463 0.292 0.322 0.315 0.321
50 °C
0.100 0.602 0.340 0.372 0.366 0.373
0.125 0.658 0.381 0.413 0.409 0.415
0.050 0.250 0.131 0.140 0.140 0.140
0.075 0.409 0.169 0.184 0.181 0.184
75°C
0.100 0.491 0.203 0.220 0.216 0.220
0.125 0.542 0.232 0.251 0.248 0.252
0.050 0.131 0.073 0.076 0.077 0.076
0.075 0.204 0.098 0.104 0.103 0.104
100 °C
0.100 0.267 0.120 0.128 0.127 0.128
0.125 0.288 0.140 0.149 0.148 0.150
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Figure 4.24 x-y diagram for binary adsorption of CO2 and N2 on MF-700 at (a) 30 °C, (b) 50
°C, (c) 75 °C, and (d) 100 °C

Figure 4.24 presents the molar fraction of CO: in adsorbed phase vs. that in gas phase for CO2-
N2 binary system determined experimentally and model predicted for different adsorption
temperatures. Maximum deviation in predicting x for a given y was observed for Sips model
followed by DSL model. This is in accord with trend of the partial adsorbed amounts by these
models. However, IAST based models closely followed the experimental curves data for CO2
mole fraction in adsorbed phase at 30 °C and 50 °C while at higher temperatures IAST models
under predicted x.,, . In contrast to vapor-liquid equilibrium, the x-y diagram for a gas-solid
equilibrium is a function of both temperature and pressure on account of extra degrees of
freedom in this system. Also, symmetric Xx-y diagrams along with rising total adsorbed amount
with molar fraction in gas phase are exhibited by gas mixtures showing ideal behavior at

equilibrium [159]. Adsorption of CO2-N2 gas mixture on MF-700 does not show symmetric x-
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y diagram though total adsorbed amount increased with gas phase molar fraction. This suggests
that carbon dioxide and nitrogen do not form ideal adsorptive mixtures on mesoporous carbon
MF-700.

Adsorption selectivity of CO2 over N2 was also calculated from breakthrough curves under
dynamic conditions and was then compared with adsorption selectivity estimated from various
isotherm models along with from application of IAST to isotherm models. The results are
presented in Table 4.15 and an appreciable difference in the experimental and predicted values
was observed. This is on account of inability of multicomponent adsorption isotherm models
in predicting mixed gas adsorption equilibria. It can be seen that binary component Sips and
DSL equations under predicted selectivity of CO2 over N2. While IAST based Sips equation
over estimated adsorption selectivity to a great extent for adsorption at 30 °C and 50 °C and
under estimated for adsorption at higher temperatures. Selectivity of CO2 over N2 obtained
from breakthrough curves tend to increase with increase in CO2 feed fraction while Sips and
DSL equations predicted a decrease in this value and IAST based these models predicted

almost constant selectivity over complete range of CO2 feed fraction.

Table 4.15 Experimental and isotherm model predicted selectivities for CO2-N2 binary system
on MF-700

CO2 mole

Temp. fraction in  Experimental SIps DSL IAST-Sps IAST-DSL
model model model model
feed
0.050 107.5 78.9 109.4 228.7 139.4
0.075 123.9 65.5 96.6 217.5 134.4
30 °C
0.100 163.2 57.4 87.6 213.3 130.8
0.125 145.7 51.9 80.9 212.6 128.2
0.050 117.2 85.1 117.6 212.4 146.8
0.075 148.4 71.9 104.8 203.9 142.3
50 °C
0.100 196.4 63.8 95.7 201.8 139.1
0.125 196.4 58.2 88.7 202.9 136.9
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0.050 172.6 76.3 95.6 146.4 111.0

0.075 199.9 66.8 88.3 142.1 109.0
75°C

0.100 238.5 60.8 82.7 141.7 107.7

0.125 215.7 56.6 78.3 143.2 106.7

0.050 114.9 67.3 83.5 109.5 86.8

0.075 124.0 60.9 81.1 108.2 86.4
100 °C

0.100 143.6 56.7 79.2 109.0 86.2

0.125 125.0 53.6 77.6 110.9 86.3

It is important to note that Sips and DSL isotherm models for a multicomponent system are
reported to predict equilibrium capacities accurately when saturation adsorption capacity of
each component in the system are comparable. Whereas in case of large difference between the
saturation capacities of the adsorbates, these isotherm models result in significant error in the

prediction of equilibrium loadings [160].

Prediction of adsorption equilibria of a multicomponent system by IAST necessitates pure
component adsorption isotherms to be extrapolated beyond the pressure range over which pure
component adsorption data was collected and isotherm was fitted. This is on account of
adsorbate’s spreading pressure equality atequilibrium. Generally, isotherm of weakly adsorbed
component is extrapolated to a larger degree as spreading pressure is associated with adsorbed
amount and hence may lead to uncertainty in multicomponent predictions by IAST.
Furthermore, ideal adsorbed solution theory bestows good predictions of adsorption capacities
and selectivites in multicomponent systems which are usually ideal in nature with all the
components, present in the system, having similar adsorption levels. But IAST is not able to
predict the adsorption performance of multicomponent systems having species that vary in size,
polarity considerably and/or components not having comparable adsorption capacities. Also,
IAST leads to inadequate predictions of adsorption capacity in case of heterogeneous
adsorbents. It provides relatively accurate multi-component behavior of systems such as CHs-
COz2, CHs-Nz2, noble gases etc. [161]. In the present study, IAST based models under predicted
the adsorption behavior of CO2-N2 system which is due to difference in their adsorption levels.
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CO2 was found to adsorb strongly as compared to N2 leading to different adsorption strengths
thereby resulting in deviation in behavior of an ideal mixture and incorrect behavior prediction

of binary system by IAST.

Despite these limitations, IAST has been used extensively and is considered a standard for
predicting mixed-gas adsorption equilibria. Most of the work for predicting mixed-gas
adsorption equilibria has been studied for CO2 adsorption in high pressure regions generally
pertaining to pre-combustion capture application. Separation of CO2 from CO2/N2 mixture by
NaX zeolite in a PSA system was well predicted by IAST while extended Langmuir isotherm
could not capture the proper behavior of CO2and N2 adsorption [162]. Caldwell et al. [158]
related equilibrium adsorption capacities of CO2 and N2 with breakthrough capacities obtained
from fixed-bed experiments for high pressure CO:2 capture application. Multicomponent
adsorption equilibria was well explained by dual-site Langmuir isotherm model for CO2-N:
system on activated carbons while Sips and IAST based DSL models under predicted CO:2
uptake.

4.8 Thermodynamic study

4.8.1 Thermodynamic parameters

All the thermodynamic parameters for adsorption of CO2 and N2 on MF-700 were calculated
by numerical analysis using Egs. (3.35) — (3.37) based on Sips isotherm model. For the given
adsorption system, similar adsorption behavior was observed at different adsorption
temperatures hence thermodynamic parameters for adsorption at 30 °C only are presented in
Figure 4.25. The integral molar Gibbs free energy change of adsorption process was found to
be negative at all temperatures suggesting the feasibility and spontaneity of the process.
Moreover, it was found to fall off monotonically on MF-700 with increase in pressure for both
CO2 and N2. This indicates that higher isothermal work is needed as compared to the initial
adsorption process for packing more number of adsorbate molecules into the adsorbent’s cavity
space because of screened sites in the later stage. At the same coverage of 0.08 mmol g1, AG
on MF-700 for CO2 and N2 were -2.13 and -2.57 kJ mol?! respectively implying less work
requirement for loading of CO2 on MF-700 than N2 [163].
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Figure 4.25 Thermodynamic functions (AG, AH and ASXT) for CO:2 (closed symbols) and
N2 (open symbols) on MF-700 at 30 °C

Value of ASXT was also found to be negative for both the adsorbates at 30 °C over the complete
pressure range demonstrating that adsorption of CO2 and N2 was from a random to an ordered
stage on adsorbent surface. As the loading in adsorption proceeds, degrees of freedom
associated with adsorbed molecules decreases and leads to the formation of more ordered
arrangement in carbon adsorbent cavities. For N2, ASXT tend to decrease gradually while
almost constant entropy was observed for CO2. With increase in loading, cavity’s free space
becomes minimal with adsorbate molecules’ freedom becoming extremely limited. This
elucidates decrease in entropy for N2 adsorption and cavity filling by N2 adsorption is
considered to be homogenous. On the other hand, slight increase in entropy of CO2 over low
pressure region signifies that CO2 adsorption on MF-700is a heterogeneous process [134, 164].
At the same coverage of 0.08 mmol g1, ASXT values for CO2 and N2 adsorption on MF-700 at
30 °C are -10.31 and -7.41 kJ mol! respectively. More negative value of entropy for CO:
adsorption than N2 adsorption indicates lower degree of disorder for CO2 while higher degree
of disorder for N2, as entropy is also taken as measure of disorder. This also indicates formation
of more ordered configuration by CO2 on carbon surface i.e. lesser degree of freedom of
constrained CO: after it adsorbed onto carbon adsorbent. Higher ordered configuration or

efficient packing of CO2 on the adsorbent cavity is because of localized adsorption which is
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due to its higher quadrupole moment than N2. These quadrupole moments of both CO2and N2
interact with electrostatic-field gradients thereby causing increased rotation and hence
orientation of these molecules producing more efficient packing and this is more evident for
CO2 than N2 due to its about three fold quadrupole moment than N2 [135].

Adsorption of CO2 and N2 on MF-700 at 30 °C are exothermic in nature as illustrated by
negative values of integral molar enthalpy change. AH followed the similar trend as that of
ASXT. Integral molar enthalpy change of CO2on MF-700 ranged from -21.29to -22.84 kJ mol-
1 as the pressure increased from 0.01 to 1 atm while that of N2 varied from -4.21 to -10.06 kJ
mol!. Higher release of heat during adsorption process is associated with more effective
molecule packing. Value of AH for adsorption of CO2 on prepared carbon is in good accord
with other activated carbons like Maxsorb 11l (-20.37 kJ mol!) [165], coal based activated
carbon (21.89 kJ molt) [166], activated carbon beads (-23.17 kJ molt) [167] etc.

As these parameters are calculated using the isotherm equation for each component, hence it is
not possible to calculate them for binary system adsorption because there is no isotherm

available to accurately predict the binary system equilibria.
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Figure 4.26 Isosteric heat of adsorption of pure CO2 from equilibrium isotherms on MF-
700
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Hereafter, isosteric heat of adsorption for adsorption of pure CO2 from equilibrium isotherms
is calculated using Clausius-Clapeyron equation (Eg. 3.39) and the result is presented in Figure
4.26. Isosteric heat of adsorption is the measure of interaction between adsorbate molecules
and adsorbent surface. Average isosteric heat of adsorption for CO2 was calculated to be ca.
30.4 kJ mol?. It can be seen that the value of isosteric heat of adsorption was almost constant
at different surface loadings. This is in line with the assumption of dual-site Langmuir
adsorption model wherein isosteric heat of adsorption is independent of adsorbate loading on
the adsorbent surface. Also, this supports the accurate prediction of CO2 adsorption on MF-

700 by dual-site Langmuir isotherm model.

4.8.2 Energy duty for desorption of CO,

Energy requirement for desorption of adsorbed CO2 on MF-700 was calculated using Eqg.
(3.37). Thermal energy input for regeneration depends on both heat of desorption and sensible
heat. Firstly, specific heat capacity of MF-700 carbon adsorbent was measured by DSC and
then sensible heat required to raise the bed temperature for desorption was calculated.

Specific heat capacity of the prepared carbon MF-700,Cp=1.2J gt K1

Adsorption was carried out at 30 °C under 12.5% CO2 in N2 while desorption was carried out
at 200 °C under pure N2 flow.
Temperature difference, AT = (200 —30)°C=170°C= 170K
CO, adsorption capacity of MF — 700 = 0.83 mmol CO, /g adsorbent
= 0.83 x 10*mol CO,/g adsorbent = 0.03652 kg CO, /kg adsorbent

1.2 x 170
Hence, sensible heat = —————— ] per mole CO, = 245.783 K] per mole CO,
0.83 x 1073

It is assumed that around 75% of the sensible heat required for heating the adsorbent can be
recovered by direct or indirect heat exchanger [136].

Therefore, net sensible heat required in the process = (25% of 245.783) k] per mole CO,
Sensible heat = 61.45 kJ per mole CO,

Now, heat of desorption is equivalent to isosteric heat of adsorption and it is obtained from the
slope of the isosteres (logarithmic pressure of CO2 vs. inverse of adsorption temperature at

constant surface coverage). Figure 4.27 shows the isosteric heat of adsorption as a function of
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amount of CO:2 adsorbed on MF-700. During the gradual covering of thermodynamically
favorable adsorption sites, most favorable sites are filled first followed by filling of rest of the
sites. This leads to decrease in isosteric heat of adsorption with increase in surface coverage,
which further suggests the adsorbent surface to be energetically heterogeneous. Awverage heat
of adsorption is estimated to be 17.01 kJ mol! and values between 16-30 kJ mol! have been
reported for adsorption on various carbon based adsorbents [82, 168, 169]. However, this trend
of isosteric heat of adsorption differs from isosteric heat of adsorption obtained from pure
adsorption isotherms. Heterogeneity of adsorption process, due to adsorbates, adsorbent or

their combination, could be the reason behind this difference.
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Figure 4.27 Isosteric heat of adsorption of CO2 on MF-700

Isosteric heat of adsorption, Q,, = 17.01 k] per mole CO,
Thermal energy input = (17.01 4+ 61.45) k] per mole CO, = 78.46 k] per mole CO,
= 1.78 M] per kg CO,

Hence, desorption of 1 kg CO2 requires energy equal to 1.78 MJ which is obtained from the

burning of fossil fuels. For desorption of 0.83 mmol g of CO2 (0.03652 kg kg'), energy
required is 0.0651 MJ.
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Assuming that bituminous coal is used as fossil fuel for energy production, amount of CO2
generated is 0.0884 kg per MJ of energy [170].
Thus, CO2 generated to produce 0.0651 MJ of energy for desorption = 0.00576 kg CO>

It can be concluded (on 1 kg adsorbent basis) that energy duty for desorption of 0.03652 kg
CO2 requires 0.0651 MJ of energy which leads to generation of 0.00576 kg CO2 from

combustion of fossil fuel (bituminous coal).

4.9 Conclusions

A range of nitrogen enriched mesoporous carbon adsorbents have been developed by
templating melamine formaldehyde resin in the pores of mesoporous silica and varying the
carbonization temperature. Carbonization temperature regulated the textural and surface
properties of the synthesized adsorbents. Among the synthesized adsorbents, carbonization at
700 °C resulted in adsorbent with surface area of 266 m? g1, surface basicity of 4.05 meq g
and nitrogen content up to 21 wt%. These materials were found to be the promising adsorbents
for CO2 capture. CO2 uptake of MF-700 was evaluated by fixed-bed adsorption studies at four
different temperatures ranging from 30-100 °C and for four different CO2 concentrations (5-
12.5% by volume). It achieved the highest CO2 adsorption capacity of 0.83 mmol g* at 30 °C
in 12.5% COx2 rest N2 atmosphere. CO2 adsorption on synthesized carbons is an exothermic
process with decrease in adsorption capacity as adsorption temperature increases. In contrast,
equilibrium COg2 uptake tends to rise with CO2 concentration due to increase in the
concentration gradient. After consecutive adsorption-desorption cycles, no significant
detoriation in CO2 adsorption capacity was observed suggesting the reusability of the material.
Different adsorption kinetic models were fitted to experimental data of CO2 adsorption and
fractional order kinetic model was found to describe the CO2 adsorption on prepared carbons

over the entire adsorption region.

Pure CO2 and N2 adsorption-desorption isotherms were also obtained on MF-700 carbon
through a static volumetric analyzer at four different adsorption temperatures ranging from 30
°C t0 100 °C up to 1 atm pressure. Sips and dual-site Langmuir isotherm models well predicted
the adsorption equilibria of pure CO2and N2 over the entire pressure range. The applicability
of binary system models i.e. extended Sips, extended dual-site Langmuir, IAST based Sips and
IAST based DSL equations have been studied for prediction of binary adsorption equilibria.
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Preferential adsorption of CO2 over N2 by MF derived carbons resulted in unacceptable
prediction errors by these models. Neither the total amount adsorbed nor the selectivity with
adsorbate’s molar concentration could be predicted by these isotherm equations as a result of
unaccountability of interaction adsorbates with heterogeneous adsorbent surface and strong

adsorption of one component than second component.

Thermodynamic functions such as molar Gibbs free energy change, entropy change, and
enthalpy change for pure component adsorption suggest spontaneous, exothermic adsorption
process with efficient packing of CO2 molecules in the cavities of carbon adsorbent. As
compared to CO2, N2 required higher pressure and hence higher chemical potential to load on
the carbon surface. Average isosteric heat of adsorption for binary adsorption of CO2 was
estimated to be 17 kJ mol! while energy duty required for desorption of CO2 found to be 1.78
MJ per kg CO2 captured which resulted in generation of 0.00576 kg of CO2 per kg adsorbent

from combustion of bituminous coal.
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Chapter 5 — Resorcinol-Formaldehyde Based
Nanostructured Carbons for Carbon Dioxide Capture

5.1 Introduction

In this chapter, nanostructured carbons have been prepared via nanocasting technique by using
resorcinol-formaldehyde resin as polymeric precursor and mesoporous silica as template.
Obtained carbons are characterized thoroughly followed by CO2 adsorption study by dynamic
and static methods under four different adsorption temperatures. Three Kinetic models have
been used to describe adsorption of CO2 on prepared nanostructured carbons. Equilibrium
adsorption data was explained by using three pure component isotherm models followed by
prediction of adsorption data of a binary system by extending pure component isotherms and
by applying IAST to these models. Thermodynamic study was also carried out for CO:2
adsorption followed by energy penalty calculation for desorption of adsorbed COo..

5.2 Synthesis of porous carbons

Nanostructured carbon materials were synthesized by templating resorcinol-formaldehyde
(RF) resin as polymeric precursor in the pores of mesoporous silica template by using
nanocasting technique, followed by carbonization under inert atmosphere and template

removal in the last.

5.2.1 Templated RF resin synthesis

About 100 g of resorcinol was added to 50 ml of water and was mixed for 20 minutes. To this
mixture, 50 ml of 37% w/v formaldehyde solution was added and stirred for 30 minutes. Then
0.2 ml of 5N NaOH solution was added under continued mixing for another 20 minutes to
achieve the pH in the range of 4.4-5.4. Digestion was carried out, by increasing the temperature
to 70-75 °C, for next 3 h to achieve refractive index in the range of 1.48+0.1. Atmospheric
distillation was carried out at 100 °C to remove water till the Norton flow followed by cooling
to room temperature. RF resin thus obtained was dissolved in ca. 200 ml of acetone and 15 g
of silica template wasadded to it under continuous stirring atroom temperature. Excess acetone
was removed from templated resin by evaporating in oven at 60 °C. Figure 5.1 presents the

block diagram for the synthesis of templated RF resin.
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Figure 5.1 Templated RF resin synthesis process diagram
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5.2.2 Carbonization of templated RF resin

A series of adsorbents were prepared by carbonizing the templated RF resin samples, placed in
quartz tubular furnace, at varying carbonization temperatures ranging from 400 °C to 800 °C
for 1 hin N2 flow with a heating rate of 10 °C min-L.

5.2.3 Template removal

Silica template from the obtained materials was removed by dissolution in NaOH solution for
at least 24 h followed by washing with deionized water and drying at 100 °C for 2 h.
Synthesized carbon materials were marked as RF-x, where x stands for temperature of
carbonization (400-800 °C). One more carbon sample was synthesized by direct carbonization
of RF resin at 700 °C (based on optimized conditions for RF based carbons) in order to
investigate the effect of synthesis process on its physico-chemical properties. This prepared

carbon was denoted as ‘RF-C’.

5.3 Characterization of porous carbons

5.3.1 Surface area and pore size distribution

Textural properties of synthesized carbon materials were evaluated by N2 adsorption-
desorption isotherms at liquid N2 temperature (-196 °C). N2 sorption isotherms of all the
samples can be classified as a combination of type | and type IV isotherm, indicating the
presence of both micropores and mesopores, with a hysteresis loop of type H4 (Figure 5.2a).
Pore size distributions (PSDs) of the prepared carbons were obtained from BJH method using
the adsorption branch of the isotherm and the results are presented in Figure 5.2b.
Carbonization at 400 °C and 500 °C resulted in carbons showing very small amount of N2
adsorption attributing to less developed pore structure while carbonization at or above 600 °C
produced carbons with well-developed porosity. Small adsorption by RF-400 and RF-500 at
low relative pressure P/Po of 0.05 indicated less microporosity in these samples. On the other
hand, carbons obtained at carbonization temperature > 600 °C exhibited significant adsorption
at low relative pressure P/Po of 0.05 indicating presence of large number of micropores, in
addition to mesopores as suggested by the hysteresis loop. As seen in Table 5.1, BET surface
area, total pore volume, micropore volume and mesopore volume tend to increase with increase
in carbonization temperature from 400 °C to 700 °C but further increase in carbonization

temperature to 800 °C lead to decrease in these textural properties.
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Figure 5.2 (a) N2 adsorption (closed symbols) and desorption (open symbols) isotherms, and
(b) pore size distribution of nanostructured carbons
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Table 5.1 Textural parameters of RF derived nanostructured carbons

BET

Pore volume obtained  t-plot micropore
Surface Total pore volume, P P

Sampl from BJH method, V lume, Vi
TR e Suer Ve T TR, Ve ke, v
(m? gt

RF-400 27 0.031 0.019 0.014
RF-500 58 0.085 0.065 0.028
RF-600 369 0.180 0.052 0.124
RF-700 435 0.222 0.074 0.126
RF-800 407 0.176 0.030 0.134
RF-C ; ; - -

Micropores contributed largely towards the total pore volume for samples obtained at
carbonization temperature > 600 °C. BET surface area and total pore volume of RF-700 were
found to be 435 m? g1 and 0.22 cm® g with ca. 57% contribution from micropores (Vmicro =
0.126 cm® g?') respectively. RF-800 sample demonstrated a very small hysteresis loop
indicating mainly the presence of micropores in this material and the same can be inferred from
very small amount of mesopore volume as compared to micropore volume. RF-400 and RF-
500 consisted mainly of mesopores having majority of the pore volume in pores of diameter
above 10 nm while rest of the samples showed a well-developed PSD (< 10 nm). On the other
hand, for the carbon derived from RF resin without nanocasting technique, almost no
adsorption of N2 was observed at liquid N2 temperature indicating this carbon to be completely
non-porous material. This signifies that the carbons obtained from the same starting material
under same conditions can range from completely non-porous material to highly porous

material depending on the method employed for their synthesis.

5.3.2 X-ray diffraction analysis

Figure 5.3 represents the powder XRD patterns of the synthesized carbon materials. All the
samples show similar diffraction patterns with two broad peaks at ca. 23° and 43°
corresponding to (002) and (100) diffraction planes respectively of graphitic carbon. Table 5.2
presents the 26 values for (002) diffraction plane along with interlayer spacing (doo2) values.
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Observed interlayer d-spacing values are larger than value for ideal graphite (dooz =0.335nm)
[141] indicating the presence of turbostratic structures in the carbon i.e. formation of fully
disordered structures [171]. Increase in d-spacing values leads to shifting of XRD peaks to
lower angles. Carbonization up to 500 °C resulted in decrease in 26 value and an increase in
the d-spacing while further increase in carbonization temperature reduced the doo2 values
suggesting the formation of short ordered structures and more graphitic character at higher
temperatures. The irregularity of the layer structures also increased as indicated by a decrease
in the intensity of (002) diffraction plane. RF-C carbon sample exhibited very broad diffraction

peak suggesting this carbon to be an amorphous material.
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Figure 5.3 Powder XRD patterns of synthesized carbons
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Table 5.2 Structural parameters of RF derived carbons

sample Diffractiorl angle, Ir.1terla¥er spacing of (002)
20 (°) diffraction plane, dooz (nm)

RF-400 23.04 0.385

RF-500 22.55 0.394

RF-600 22.77 0.390

RF-700 23.03 0.386

RF-800 23.70 0.375

RF-C 24.12 0.368

The synthesized carbons are nano-materials as suggested by the line broadening of diffraction
peak ca. 23° which is due to very small crystallite size. Moreover, broadened peaks suggest the
poor crystallinity of the materials and hence presence of short range structural order. These

results are in good agreement with TEM results.

5.3.3 Transmission electron microscopy

Transmission electron micrographs of prepared carbons can be seen in Figure 5.4.
Development of nanostructures can be clearly observed from the TEM images of RF-600, RF-
700 and RF-800 samples along with amorphous porous structure and these observations are in
accord with XRD results. But there is no such development of nanostructures in the carbon
sample prepared without nanocasting technique thereby signifying the role of silica template

in the development process of carbon materials.
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Figure 5.4 TEM images of nanostructured carbons (a) RF-600, (b, ¢) RF-700, (d) RF-800,
and (e) RF-C

5.3.4 Scanning electron microscopy
SEM micrographs (Figure 5.5) of carbons obtained from RF resin show the development of

irregular pores on the carbon surface that assist the adsorbate diffusion from bulk phase to the

surface. Fine needle like structures are observed for carbons obtained from carbonization at or
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above 700 °C. However, RF-C sample is found to have very compact surface with very less

porous structure.

Figure 5.5 SEM images of nanostructured carbons (a) RF-500, (b) RF-600, (c, d) RF-700,
(e) RF-800, and (f) RF-C

5.3.5 Thermogravimetric analysis
All the prepared carbon samples show aweight loss of ca. 6-8% (Figure 5.6) up to temperature
of 100 °C due to desorption of moisture and other adsorbed gases. There is an increase in the

thermal stability of the materials with increase in the carbonization temperature with maximum
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stability being exhibited by RF-800 carbon (up to 500 °C). On the other hand, among the
prepared carbons RF-400 and RF-500 are the least thermally stable materials and show a
maximum weight loss of ca. 50%. RF-700 and RF-800 exhibit maximum weight loss of 25%
and 15% respectively even up to temperature of 900 °C. Carbon material obtained by direct
carbonization of RF resin showed ca. 2 wt% loss up to 100 °C but exhibited similar thermal
stability as that of RF-700 carbon.
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Figure 5.6 Thermogravimetric profiles of RF-derived carbons

5.3.6 Elemental composition

Table 5.3 presents the elemental composition of RF derived nanostructured carbons. There is
a decrease in carbon content and an increase in oxygen content of the prepared carbons with
increase in temperature of carbonization up to 600 °C. This could be due to cleavage of more
carbon-carbon bonds than oxygen functionalities. On the other hand, further increase in
carbonization temperature resulted in the opposite trend which is attributed to decomposition
of oxygen containing groups at higher temperatures of pyrolysis. RF-C carbon sample had very
high carbon content and low oxygen content as compared to that of RF-700 indicating that

presence of silica template effected the chemical composition of the obtained materials.
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Table 5.3 Elemental composition of nanostructured carbons

Sample Elemental analysis
Carbon (%) Hydrogen (%) Oxygen (%)

RF-400 68.28 3.57 28.13
RF-500 65.11 3.01 31.87
RF-600 62.02 211 35.87
RF-700 66.25 1.49 32.23
RF-800 70.02 0.97 28.99
RF-C 83.66 1.49 14.83

5.3.7 Fourier transform infrared (FTIR) spectroscopy

Figure 5.7 depicts the FTIR spectra of the porous carbons derived from RF resin at various
carbonization temperatures. Small peak at 1056 cm! can be assigned to stretching vibration of
alkoxy C-O bond while a peak at 1250 cm! corresponds to acyl or phenyl C-O bond. A band
around 1540 cmr® is observed attributing to stretching vibrations of C=C bond of aromatic rings
of quinone group. Peaks at 1770 cnr! and 3000 cmrt correspond to C=0 stretching vibration in
carboxylic groups, anhydrides, lactones, etc. and C-H stretching vibration respectively [172,
173]. With increase in carbonization temperature, there is a decrease in the intensity of the band
around 1540 cm! suggesting loss of C=C bonds present in the samples. This may lead to a
decrease in the carbon content of the prepared carbons with increase in carbonization
temperature and similar results are obtained for carbon content from the elemental analysis. In
case of RF-C carbon, peaks for C-O and C=0 bond are very small as compared to other
samples, demonstrating lesser oxygen functionalities which is in good accord with the
elemental analysis. Majorly a broad band ca. 1540 cmy? for stretching vibrations of C=C bond

is observed.
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Figure 5.7 FTIR spectra of porous carbons obtained from RF resin

5.3.8 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) analysis was carried out for all the synthesized
carbons to study the evolution of oxygen functional groups during the carbonization process.
Two typical peaks for carbon (C1s) and oxygen (O1s) are observed, around 285 and 532 eV

respectively, in the survey spectra of the synthesized carbons (Figure 5.8). The absence of peak
for Si suggests removal of silica via dissolution in NaOH solution.
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Figure 5.8 Survey scan spectra of RF derived carbons

Figure 5.9 shows the C1s XPS spectra of nanostructured carbons and RF-C carbon. The C1s
spectra of all the samples were deconvoluted into four well resolved peaks and their
corresponding binding energy (B.E.), full width at half maximum (FWHM) and relative area
contribution (A%) are reported in Table 5.4. Peaks C1and C2 are assigned for graphitic carbon
and carbon in alcohol, phenol or ether groups respectively. Peak C3 corresponds to carbonyl
or quinone groups and C4 corresponds to carboxyl, ester and/or lactone linkages [146]. With
increase in carbonization temperature from 400 °C to 500 °C, there is a drastic decrease in
relative area percentage of peak C1 from ca. 60% to 35.7% indicating decreased graphitic
character, which has also been indicated by XRD results. Further increase in carbonization
temperature resulted in increase in the relative area percentage of C1 peak and hence
improvement in the graphitic character of the porous carbons. For RF-800, C1 peak has small
area percentage of ca. 17.7% with the development of a new peak at ca. 283.4 eV for carbidic
carbon. After C1 peak, relative area percentage is the maximum for peak C2 for all the prepared
carbons suggesting that most of the carbon is linked to one oxygen atom by single bond. For
carbons obtained at carbonization temperature > 700 °C, no peak is observed at ca. 286.3 eV

indicating the absence of carbonyl and/or quinone groups in these samples.
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Figure 5.9 Deconvoluted Cl1s spectra of RF based carbons
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Table 5.4 Deconvolution of C1s photoelectron envelope of RF-derived carbons

Sample C1 C2 C3 C4 C5
BE 284.10 285.50 286.42 288.40 -
RF-400 FWHM 1.99 1.27 1.68 2.53 -
A% 60.08 25.22 13.83 0.88 0.00
BE 284.55 285.27 286.30 288.70 -
RF-500 FWHM 1.29 1.09 1.45 2.11 -
A% 35.72 40.87 19.24 4.17 0.00
BE 284.32 285.21 286.24 288.36 -
RF-600 FWHM 1.85 1.45 1.65 2.23 -
A% 54.69 22.32 15.44 7.55 0.00
BE 284.25 285.14 - 288.56 -
RF-700 FWHM 1.18 1.96 - 4.3 -
A% 58.02 24.44 0.00 17.54 0.00
BE 284.45 28541 - 288.18 283.44
RF-800 FWHM 1.47 2.24 - 2.24 1.29
A% 17.71 14.67 0.00 8.35 59.27
BE 284.42 285.13 286.43 288.31 -
RF-C FWHM 0.86 0.94 1.48 1.90 -
A% 54.43 23.17 15.27 7.13 0.00

In case of RF-C carbon, C1 and C2 peaks have similar relative percentage area as that of RF-

700. But it contained carbon double bonded to oxygen in form of both carbonyl/quinone (ca.

15.3%) and carboxylester (ca. 7.13%) unlike from RF-700. A considerable change is observed

in Cls core level spectra of synthesized samples with carbonization temperature which

indicates that condensation and cyclization of the aromatic ring structures take place during the

carbonization process leading to the development of carbidic and graphitic carbon structures.
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High resolution XPS spectra of O1s region of RF derived carbon adsorbents are shown in
Figure 5.10. The O1s spectra were deconvoluted into three different peaks and their
corresponding binding energy (B.E.), full width at half maximum (FWHM) and relative area
contribution (A%) are listed in Table 5.5. Peak O1 corresponds to carbonyl, ketone or lactone
groups, peak O2 corresponds to oxygen of ether, phenol, alcohol and/or carboxyl oxygen of
esters and/or anhydrides and peak O3 is attributed to oxygen in carboxyl groups [146]. As seen
in Figure 5.10, there is an appreciable change in the nature of oxygen functionalities present
on the carbon surface with increase in carbonization temperature. Increase in carbonization
temperature from 400 °C to 500 °C lead to decrease in carboxylic content of the carbons as
suggested by decrease in relative area percentage of O3 peak from ca. 28% to 16.9% with an
increase in carbonyl, ketone or lactone group as indicated by increase in O1 peak. But further
increase in temperature of carbonization up to 700 °C lead to increase in carboxylic content at
the expense of mainly O1 peak. No peak for carboxylic is observed for RF-800 sample
indicating the conversion of carboxylic groups to lactone groups as shown by large increase in
relative area percentage of O1 peak. Peak O1 for RF-800 is only due to lactone group because
other functional groups (i.e. carbonyl and quinone) attributed to O1 peak are already found to
be absent for this carbon sample. As compared to RF-700 carbon, RF-C contained higher
carbonyl or lactonic content and lower carboxylic content. Difference in these oxygen

functionalities will affect the surface basicity of these carbons.
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Figure 5.10 Deconvoluted O1s spectra of RF derived carbons
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Table 5.5 Deconvolution of O1s photoelectron envelope of RF-derived carbons

Sample 0O1 02 03
BE 531.81 532.80 533.46
RF-400 FWHM 1.73 1.38 1.69
A% 31.25 40.68 28.07
BE 531.21 532.23 533.24
RF-500 FWHM 2.36 1.34 141
A% 57.06 26.02 16.92
BE 531.67 532.38 533.21
RF-600 FWHM 1.57 1.33 1.43
A% 34.34 39.15 26.51
BE 531.35 532.16 533.11
RF-700 FWHM 1.80 1.35 1.84
A% 26.58 36.10 37.32
BE 531.22 532.11 -
RF-800 FWHM 1.54 1.10 -
A% 80.55 19.45 0.00
BE 531.67 532.29 533.60
RF-C FWHM 1.45 1.54 1.66
A% 39.93 33.29 26.79

5.3.9 Surface functional groups by Boehm titration

Table 5.6 reports the quantitative distribution of surface acidic and basic groups based on
Boehm titration method. With increase in carbonization temperature from 400 °C to 700 °C,
surface acidity is found to decrease from 1.67 to 0.78 milli equivalents per gram (meq g1). But
further increase in temperature to 800 °C resulted in increase in surface acidity to 1.09 meq g
Land this could be attributed to increase in lactone groups in RF-800. Carboxyl, lactone or
lactols and phenol groups are responsible for surface acidity of carbon materials while

functional groups like carbonyls, ethers, pyrones and chromenes contribute towards the surface
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basicity. Surface basicity of the prepared carbons tends to increase from 0.54 to 1.93 meq g!
with increase in carbonization temperature from 400 °C to 700 °C and finally decreases
considerably to 0.78 meq g for carbonization at 800 °C. In contrast, carbon obtained from
direct carbonization of RF resin exhibited similar surface acidity as that of RF-700 but
exhibited very low surface basicity of 0.88 meq g1. For RF-600 and RF-700, amount of basic
functional groups is higher than amount of acidic functional groups thereby indicating
primarily basic nature of the carbon materials whereas rest of the samples have mainly acidic
character.

Table 5.6 Surface functional groups by Boehm titration method

Sample Acidity (meq g?) Basicity (meq gt)
RF-400 1.67 0.54
RF-500 1.48 0.81
RF-600 1.24 1.75
RF-700 0.78 1.93
RF-800 1.09 0.78
RF-C 0.85 0.88

5.4 CO, capture performance

5.4.1 Adsorption capacity with carbonization temperature

Dynamic CO: adsorption capacity of the synthesized nanostructured carbon adsorbents was
investigated by fixed-bed adsorption experiments at 30 °C under 10% (by volume) CO: inlet
concentration. Figure 5.11adepicts the CO2 breakthrough curves of the prepared carbons. With
increase in carbonization temperature from 400 °C to 700 °C, the breakthrough curves shift
towards the higher times indicating an increase in adsorption capacity whereas it shifts to lower
time with further increase in carbonization temperature to 800 °C, demonstrating decrease in
CO2 adsorption capacity of RF-800. The breakthrough time (tv) follows the order of RF-700 >
RF-600 > RF-800 > RF-500 > RF-400 > RF-C. Dynamic CO2 adsorption capacity (qe) of the
prepared carbons, at 30 °C under 10% CO2 flow, increased from 0.217 to 0.704 mmol gt with

increase in carbonization temperature from 400 °C to 700 °C and then it decreased to 0.606
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mmol g for sample carbonized at 800 °C (Figure 5.11b). RF-400 and RF-500 showed small
adsorption capacities owing to their poor textural properties and high surface acidity.
Alternatively, RF-600 and RF-700 samples exhibited improved textural properties and high
surface basicity thereby resulting in improved CO:2 capacities. Increasing the carbonization
temperature to 800 °C leads to some deterioration in the textural properties with large decrease
in basic functional groups thus reducing its affinity for acidic CO2 gas and hence showing drop
in adsorption capacity. Therefore, CO2 adsorption capacity of the prepared materials depends
on their textural properties as well as their surface chemistry. Moreover, under similar
experimental conditions, RF-C carbon exhibited very low dynamic CO2 adsorption capacity of
0.152 mmol g. This could be attributed to almost non-porous carbon sample and this small

uptake could be due to some macropores, mainly voids between the particles, present on the
surface.
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Figure 5.11 (a) CO2 breakthrough profiles, and (b) CO2 adsorption capacity of RF-derived
carbons at 30 °C and 10% CO: feed concentration

Additionally, it is interesting to note that adsorption capacity of RF-700 is lower than MF-700
under same conditions, though RF-700 exhibits almost double the surface area of MF-700.
Textural and chemical properties are the controlling parameters for the adsorption potential of
a material. Absence of nitrogen functional groups in RF-700 adsorbent along with decreased
surface basicity (as determined by Boehm titration method) lead to its lower CO2 adsorption
capacity, despite of better textural properties. Moreover, this has been reported in literature that
high surface area of a material cannot be directly linked to its high adsorption capacity and its
elemental composition and surface chemistry have strong influence on adsorption capacity. In

the present work, similar argument has been observed. Furthermore, total pore volume is
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important along with BET surface area with respect to adsorption capacity of a material. RF-
700 exhibited lower pore volume than MF-700 and also accounts for lower adsorption
performance of RF-700. Finally, it can be concluded that BET surface area solitary does not
present the real scenario of adsorption capacity of anadsorbent. Other parameters such as pore
volume, nitrogen content, kind of nitrogen functionality and surface basicity have a strong

influence on the adsorption performance of the material.

5.4.2 Adsorption capacity with adsorption temperature and CO, feed concentration

Effect of adsorption temperature and CO2 feed concentration on the adsorption performance of
the prepared carbons was evaluated for RF-700 carbon only as it exhibited the highest dynamic
CO2 capacity. CO2 adsorption breakthrough curves for RF-700 as a function of adsorption
temperature for varying COq feed concentrations ranging from 5% to 12.5% by volume are

presented in Figure 5.12.
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Figure 5.12 Breakthrough profiles for CO:2 adsorption on RF-700 under (a) 5%, (b) 7.5%, (c)
10%, and (d) 12.5 % CO2 concentration at different adsorption temperatures
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Longer breakthrough time appears at lower temperatures for a fixed feed concentration
indicating drop in adsorption capacity with temperature. With increase in adsorption
temperature from 30 °C to 100 °C, t» decreased from 2.12 minutes to 0.22 minutes for 5% feed
concentration and for 12.5% feed concentration, tp decreased from 1.67 minutes to 0.21
minutes. Moreover, increase in feed concentration also lead to decrease in breakthrough time
at a fixed temperature. It decreased from 2.12 minutes to 1.67 minutes with increase in feed
concentration from 5% to 12.5%. But this decrease in tp is almost negligible at higher

adsorption temperatures like at 100 °C the value is ca. 0.22 minutes at all inlet concentrations.

Dynamic adsorption capacity of RF-700 is also calculated from the breakthrough curves at all
adsorption temperatures and inlet CO2 concentrations. It is observed that ge tends to increase
with increase in feed CO2 concentration but decreases with increase in adsorption temperature
(Figure 5.13). Value of ge increased from 0.405 mmol g! to 0.761 mmol g! with increase in
COz2 concentration from 5% to 12.5% at 30 °C adsorption temperature. This can be explained
by increased driving force for the adsorption process i.e. the concentration gradient which leads
to increased CO2 mass transfer rate across the boundary layer and within the adsorbent pores.
On the other hand, decrease in ge with temperature at a fixed inlet concentration is due to
exothermic nature of the adsorption process and it is favored at lower temperatures.
Furthermore with increase in adsorption temperature, both surface energy and CO: diffusion
rate increases thus decreasing the stability of CO2 on adsorbent surface and hence causing CO2
desorption. For 12.5% feed concentration, value of ge decreased from 0.761 mmol g! to 0.281

mmol g! on increasing temperature from 30 °C to 100 °C.
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Figure 5.13 CO: adsorption capacity of RF-700 at different adsorption temperatures as a
function of inlet CO2 concentration

Activated carbons obtained from steam activation of fly ash have been reported to exhibit
gravimetric CO2 adsorption capacity of 0.93 mmol g and 0.42 mmol g at 30 °C and 75 °C
respectively under 100% CO: flow [86]. RF-700 showed comparable dynamic adsorption
capacity of 0.405 mmol g at75 °C and 12.5% feed concentration. This value was ~1.8 times
higher than adsorption capacity of commercial activated carbon (0.225 mmol g1) at 75 °C
under pure CO2 flow [94]. For CO: capture application from flue gas, dynamic capacities of
the adsorbent materials are more pertinent at higher temperatures. Dynamic adsorption capacity
of RF-700 at all temperatures is higher than dynamic capacities of synthetic carbon obtained
from carbonization and steam activation of coal tar pitch and furfural [100]. This synthetic
carbon exhibited dynamic CO2 adsorption capacity of 0.61 mmol g at 30 °C and 0.30 mmol
g! 50 °C under 15% CO2 concentration.

5.4.3 Adsorbent selectivity and regenerability

For an efficient adsorption process, selectivity of adsorbent towards CO2 over N2 is another
significant factor besides adsorption capacity. Breakthrough profiles for adsorption of CO2and
N2 on RF-700 at 30 °C and 50 °C under 12.5% feed CO2 concentration are depicted in Figure

5.14a. N2 appeared instantly in the exit gas stream after the onset of adsorption process. This
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indicates very low N2 adsorption capacity of the adsorbent material. In contrast for adsorption
at 30 °C, concentration of COz in exit gas stream was zero for ca. 2 minutes and increased
gradually with time indicating adsorbent’s affinity towards CO2. Moreover, concentration of
N2 in the exit gas stream surpassed the N2 feed gas concentration. This is attributed to slower
movement of CO2 adsorption front as compared to N2 adsorption front followed by replacement
of adsorbed N2 molecules by CO:2 gas molecules which increases N2 outlet concentration as

compared to its inlet concentration.
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Figure 5.14 (a) Breakthrough curves of N2 (open symbols) and CO:2 (closed symbols) on RF-
700 at 30 °C and 50 °C for 12.5% CO: feed concentration, and (b) CO2 adsorption capacity
of RF-700 over multiple cycles of adsorption-desorption at 10% CO: feed concentration as a
function of temperature

It is important for an adsorbent material to maintain CO2 adsorption capacities in multiple
adsorption-desorption cycles from practical application point of view. Figure 5.14b
demonstrates the CO2 adsorption capacity of RF-700 during multiple adsorption-desorption
cycles at different adsorption temperatures and 10% feed concentration. Desorption was carried
out at 200 °C under pure N2 gas. CO2 adsorption performance of RF-700 is almost unaltered
for four cycles for all adsorption temperatures suggesting completely reversible adsorption
process thereby indicating the reusability of these carbons in long-term operations. Desorption
temperature of 200 °C was found to be sufficient enough for complete removal of adsorbed
COz2. This can be seen in the CO2-TPD plot of RF-700 sample (Figure 5.15). One broad
desorption peak in the temperature range of 75-175 °C is observed which indicates
chemisorption of CO2 on carbon materials [154] and is attributed to covalent bond formation

between the surface basic functionalities of carbon and CO2 gas molecules. Desorption peak is
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centered around 120 °C suggesting maximum CO: desorption occurring at this temperature.
XPS and Boehm titration results also confirm the presence of basic functional groups on the
carbon surface which leads to chemical adsorption of CO2 on these carbon adsorbents.

TCD signal (a.u.)

1 " 1 L 1 L 1 " 1
50 100 150 200 250
Temperature (°C)

Figure 5.15 Temperature programmed desorption profile of CO2 from RF-700

5.5 Equilibrium sorption measurements

Pure component adsorption of CO2 and N2 was carried out on RF-700 at different temperatures
by using avolumetric analyzer and their adsorption-desorption isotherms are depicted in Figure
5.16. For all temperatures, the amount of CO2 adsorbed on RF-700 was remarkably larger than
that of N2 within the experimental temperature and pressure range. Amount of CO2 and N2
adsorbed are 1.72 and 0.18 mmol g at 30 °C and 1 atm respectively. Almost linear curve was
obtained for N2 adsorption isotherm, at all adsorption temperatures, indicating weak dispersion
forces between adsorbent surface and nitrogen molecule. Very small hysteresis loop was
observed for adsorption of CO2and N2 which indicates that low energy is required in order to
reuse the carbon. For all adsorption temperatures, CO2 was found to be strongly adsorbed than

No2.
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Figure 5.16 Pure component adsorption (closed symbols) - desorption (open symbols)
isotherms of (a) CO2, and (b) N2 on RF-700 at different adsorption temperatures

Amount of CO2 and N2 adsorbed on RF-700 tend to increase with increase in pressure while
increase in adsorption temperature lead to decrease in their uptakes. As pressure increased from
0.01 atm to 1 atm, CO2 uptake increased from 0.079 mmol g to 1.72 mmol g* at 30 °C and
N2 uptake increased from 0.002 mmol g* to 0.18 mmol g'. However, rise in adsorption
temperature from 30 °C to 100 °C lead to decrease in CO2 uptake from 1.72 mmol ¢! to 0.564
mmol gt and that of N2 from 0.18 mmol g* to 0.056 mmol g!. Uptake of CO2and N2 by RF-
700 are comparable with activated carbon beads obtained from carbonization and activation of
coal tar pitch though they exhibited better textural properties than RF-700. These activated
carbon beads exhibited CO2 and N2 uptake of 1.918 mmol g and 0.27 mmol g at 30 °C and
1 atm respectively [174]. Hao et al. [95] prepared carbon monoliths from carbonization of
resorcinol-formaldehyde resin with lysine as nitrogen source. These monoliths were reported
to show CO2 adsorption capacity of 3.13 mmol g at 25 °C while at higher temperature of 120
°C it decreased drastically to 0.62 mmol g1 and was comparable with CO2 uptake of RF-700
at 100 °C (0.56 mmol g1).

5.6 Kinetic study

Kinetics of CO2 adsorption on RF-700 has been investigated by using three kinetic models.
Figure 5.17 presents the experimental CO2adsorption capacity with time at different adsorption
temperatures and feed concentrations along with fitted curves obtained from all the three

kinetic models. The values of kinetic model parameters, correlation coefficients (R%) and
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associated errors (error %) are listed in Table 5.7. Results indicate that fractional order Kinetic
model presents the best explanation for adsorption of CO2 on nanostructured carbons in fixed-
bed system. As seen in Figure 5.17, for adsorption temperature of 30 °C and 50 °C pseudo-first
order kinetic model overestimated the uptake of CO2 up to 5-6 minutes of adsorption process
but it underestimated the CO2 uptake at 75 °C and 100 °C in the initial phase of adsorption
process. During the final stage of adsorption, pseudo-first order kinetic model closely followed
the experimental data at all adsorption temperatures and the equilibrium CO2 adsorption
capacities were in close agreement with the experimental values. On the other hand, pseudo-
second order Kkinetic model always overestimated the CO: uptake on RF-700 and predicted
very high capacities at equilibrium as compared to the experimental values. Higher values of
error % of both pseudo-first order and pseudo-second order kinetic models indicate that these

models were not able to describe the adsorption process of CO2 on nanostructured carbons.

For fractional order kinetic model, small value of error % and high R? values indicated good
conformity between experimental data and model predicted values. Forall CO2concentrations,
adsorption rate constant kn was found to decrease with increase in adsorption temperature
because of exothermic nature of adsorption process. At higher temperatures, adsorption rate
may become faster but CO2 adsorbed is lesser due to faster desorption of CO2 from carbon
surface. On the other hand, ks tends to increase with increase in CO2 concentrations due to
enhanced concentration gradient leading to faster diffusion of CO2molecules into the adsorbent
surface. Kinetic model parameters nand m demonstrate the effect of driving force and diffusion
resistance respectively [121]. Parameter n decreased with increase in adsorption temperature
and was maximum at 30 °C suggesting maximum driving force at this temperature while it
increased with increase in CO2 concentration. This could be attributed to increase in
concentration gradient at high CO2 concentrations thereby leading to faster diffusion of CO-.
Value of m indicates the fastness of adsorption process. With increase in CO2 concentrations,
m tends to increase suggesting the faster adsorption of CO2 on RF-700 at high CO2
concentrations. Dynamic CO3 adsorption capacities at saturation as predicted by fractional

order model were also in good accord with the experimental values.
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Figure 5.17 Comparison of kinetic models for CO2 uptake on RF-700 at different adsorption
temperatures as a function of feed concentration
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Table 5.7 Kinetic model parameters for CO2 adsorption on RF-700 at different adsorption temperatures and CO2 concentrations

co Pseudo-first order model Pseudo-second order model Fractional order model
2
Adsorption  concn. g k2 q K q
0 k ¢ E ¢ E " ¢ E
temp. (°C)  (volume .1_1 (mmol R? rror © 4 (mmol  R? rror (mmol-™  (mmol n m R? fror
%) (mint) 1) % mmol 1) % ™1 minn) 1) %
g i) g g g
5 0.160 0.410 0993 4458 0.378 0.489 0974 9.014 0.126 0.402 0.898 1.020 0.997 4.207
75 0.147 0574 0998 1991 0.242 0.690 0.993 5.569 0.152 0.578 1.009 1.036 0.999 1.682
30
10 0.190 0.712 0996 2854 0.289 0.826 0.974 8.303 0.162 0.703 1.106 1.048 0.999 2.200
125 0.192 0.764 0993 5435 0.269 0.887 0.973 11.128 0.190 0.763 1.326 1.353 0.996 3.710
5 0.160 0.292 0997 3960 0549 0.346 0.987 5.430 0.123 0.289 0.754 0.871 0.998 3.140
75 0.179 0432 0995 3649 0437 0504 0975 7.082 0.141 0.426 0.838 1.020 0.997 3.268
50
10 0.189 0491 0996 3435 0411 0570 0.973 9.654 0.150 0.484 0.863 1.076 0.999 0.951
12.5 0.195 0577 0995 4585 0.389 0.662 0.987 3.835 0.169 0.576 0.862 1.097 0.998 2.272
5 0.424 0185 0955 6551 3.761 0.198 0.992 2.923 0.121 0.190 0.590 0.370 0.998 1.450
75
75 0.183 0.290 0994 3694 0665 0.338 0.969 09.741 0.133 0.285 0.762 0.693 0.998 1.931
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10 0.164 0359 0994 4719 0478 0.422 0997 1.620 0.136 0.363 0.770 0.739 0.999 1.297
12.5 0.188 0406 0994 4132 0519 0468 0981 4.654 0.152 0.403 0.793 0.875 0.996 3.013
5 0342 0.123 0960 6.981 4377 0.133 0.989 3.350 0.119 0.125 0.655 0.467 0.995 2.124
7.5 0.208 0.197 0984 6.393 1277 0.224 0995 1.752 0.125 0.202 0.703 0.607 0.999 0.546
B 10 0.180 0.259 0993 5583 0.729 0.303 0.971 11.862 0.130 0.255 0.748 1.052 0.996 3.107
125 0.200 0.280 0.997 3222 0822 0321 0989 3.773 0.147 0.280 0.775 1.114 0.999 1.262
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Figure 5.18 presents the Arrhenius plot for kinetic rate constants for CO2 adsorption on RF-
700 obtained from fractional order kinetic model at all CO2 feed concentrations. The values of
Arrhenius pre-exponential factor and activation energy are reported in Table 5.8. For
adsorption at all CO2 concentrations, negative values of Ea (deactivation) are obtained because
of the decreasing rate constant values with adsorption temperature and this trend is in
agreement with literature. Reactions having negative activation energies are usually regarded
as without barriers wherein reaction takes place depending on capture of molecules in the
potential well [156, 157].

5% CO,
7.5% CO,
10% CO,
12.5% CO,
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L3 " | 1 | 1 1 "
0.0026 0.0028 0.0030 0.0032 0.0034
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Figure 5.18 Arrhenius plot for kinetic rate constants obtained from fractional order kinetic
model

Table 5.8 Arrhenius equation parameters for CO2 adsorption on RF-700

CO2 concentration

volume %) A Ea (k] mol) R2
5 0.0933 -0.750 0.990
75 0.0545 -2.576 0.996
10 0.0483 -3.038 0.988
12.5 0.0463 -3.512 0.960
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5.7 Isotherm study

5.7.1 Pure component isotherm

Pure CO2and N2 adsorption isotherms on RF-700 at different adsorption temperatures have
been analyzed according to the nonlinear form of the isotherm models. Figure 5.19a and 5.19b
display the model fitted data of CO2 and N2 adsorption along with their experimental data
respectively. Experimental data is represented by symbols while various isotherm models are
represented by lines with Langmuir model by dotted lines, Sips model by dashed and dotted
lines and DSL equation by solid lines. Tables 5.9-5.11 report the regressed parameters of the
adsorption isotherm models for describing pure adsorption isotherms of CO2and N2 along with
their corresponding errors. Sips and DSL equations were able to capture CO:2 adsorption
behavior properly at all adsorption temperatures and showed maximum SSE% of 4.4% and
5.2% respectively. However, Langmuir equation under predicted CO2 uptake during initial
adsorption phase and hence resulted in higher SSE%. In case of pure N2 adsorption on RF-700,
all the models used in this study can illustrate the experimental data with small errors (< 5%).
Accurate predictions of pure component adsorption by Sips and DSL equations indicated

energetically heterogeneous adsorbent surface.
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Figure 5.19 Measured and correlated adsorption isotherms of pure (a) CO2, and (b) N2 on
RF-700 at different adsorption temperatures

128



Table 5.9 Regression results for Langmuir equation for pure CO2 and N2 adsorption on RF-
700 at different temperatures

Temperature (°C)

Component Parameter
30 50 75 100
gm (Mmol g'2) 2.442 2.163 1.839 1.709
b (atml) 2.22 1.46 0.85 0.49
CO2 SSE (%) 13.01 11.30 9.45 9.02
bo (atml) 0.00075
B (kJ molt) -20.231
gm (Mmol g') 1.492 1.232 0.982 0.785
b (atm) 0.142 0.120 0.091 0.077
N2 SSE (%) 1.63 411 3.71 3.48
bo (atmt) 0.0049
B (kJ molt) -8.523

Table 5.10 Regression results for Sips equation for pure CO2 and N2 adsorption on RF-700 at
different temperatures

Temperature (°C)

Component Parameter
30 50 75 100
gm (mmol g?1) 3.47 3.15 2.61 2.13
b (atm®) 0.982 0.707 0.487 0.361
c 1.271 1.207 1.125 1.056
CO;
SSE (%) 411 3.18 0.56 4.39
bo (atm©) 0.0047
B (kJ mol?) -13.474
N2 gm (mmol g1) 1.370 1.241 0.820 0.685
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b (atnr®) 0.157 0.120 0.112 0.090

c 0.993 0.981 0.964 0.960
SSE (%) 1.08 0.89 2.49 4.54
bo (atm©) 0.0098
B (kJ mol?) -6.909

Table 5.11 Regression results for dual-site Langmuir equation for pure CO2 and N2 adsorption
on RF-700 at different temperatures

Temperature (°C)

Component Parameter

30 50 75 100

qu.m (mmol g'2) 2.616 2.501 2.186 2.052

g2.m (mmol g'2) 0.448 0.257 0.091 0.041

b1 (atnr?t) 0.997 0.751 0.546 0.348

CO2 by (atm?) 12.362 9.771 8.452 6.030
SSE (%) 3.22 2.70 3.36 5.15

bo.1 (atnT?) 0.004 bo.2 (atnT?) 0.332

E1 (kJ mot?) -13.856 E2 (kJ mot?) -9.142

qi.m (mmol g?) 0.746 0.616 0.491 0.393

g2.m (mmol g?) 0.746 0.616 0.489 0.393

b1 (atnr?t) 0.142 0.120 0.091 0.077

N2 b2 (atnr?t) 0.142 0.120 0.091 0.077
SSE (%) 1.63 411 4.71 3.48

bo.1 (atnT?) 0.0049 bo.2 (atnT?) 0.0049

E1 (kJ mot?) -8.510 E2 (kJ mot?) -8.511
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At all adsorption temperatures, strong adsorption of CO2 as compared to N2 on RF-700 carbon
was indicated by higher values of parameters gm and b of all the three isotherm models.
Exothermic nature of the adsorption process was signified by decrease in affinity parameter (b)
of these isotherm models with increase in adsorption temperature. Adsorption process takes
place when interaction potential energy becomes equal to work done in bringing adsorbate
molecule from gas to adsorbed phase. This interaction potential energy is dependent primarily
on dispersion forces and permanent dipole. For carbon adsorbents, dispersion forces dominate
and also for nonpolar molecules i.e. COzand Nz, in this study, there is no permanent dipole.
Hence, interaction of CO2 and N2 on prepared carbons relies on dispersion forces and it is
determined by their polarizability [44, 174]. Table 5.12 reports the physical properties of CO-
and N2. Since CO2 molecule has higher polarizability than N2 molecules, adsorption of CO2 is
associated with higher heat of adsorption than N2and hence stronger affinity of CO2 towards
carbon surface than N2. This is corroborated by higher values of heats of adsorption, obtained

from isotherm equations, for CO2 adsorption than N2 adsorption.

Table 5.12 Physical properties of CO2 and N2 [174]

Properties CO2 N2
Diameter (nm) 0.330 0.364
Polarizability (x 1072° cmd) 29.1 17.4
Quadrupole moment (x 107%° cnm?) -13.7 -4.9
Dipole moment (Debye) 0 0

DSL equation parameters b1 and b2 are also equal for N2 adsorption on this carbon. Therefore,
amount of adsorbate adsorbed calculated from Egs. (3.20) and (3.22) for PP and PN correlation

respectively will be same indicating no energetic site-matching issue.

5.7.2 Binary component isotherm

To predict binary system adsorption equilibria of CO2 and N2 on RF-700, Sips and DSL
equations were extended empirically, leaving Langmuir equation, since these models were able
to predict pure component equilibria accurately for both adsorbates. For carbon dioxide-

nitrogen separation using RF-700, partial and total adsorbed amounts and x-y diagrams were
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obtained experimentally at different adsorption temperatures and gas phase concentrations.

Pure component adsorption isotherms of CO2and N2 were employed to predict binary system

adsorption equilibria by using two different adsorption models along with application of IAST

thermodynamic model in conjunction with those models. These predicted results are then

compared with experimentally obtained data and are presented in Figures 5.20 and 5.21.
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Figure 5.20 Total and partial adsorbed amounts of CO2 and N2 binary adsorption on RF-700
at (a) 30 °C, (b) 50 °C, (c) 75 °C, and (d) 100 °C (symbols represent experimental data and
lines represent model predicted data)

None of the employed models were able to predict CO2 adsorption isotherm in binary system

accurately. DSL isotherm model predicted higher CO2 uptake than Sips equation at 30 °C while

adsorption equilibria at rest of the adsorption temperatures was almost equally predicted by all

the isotherm models along with their IAST forms. However, all the equations highly under
predicted the uptake of CO2 on RF-700. Prediction of N2 uptake and hence total adsorbed

amount also deviated considerably from experimental values at all adsorption temperatures.
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This can be attributed to difference in the adsorptive properties of adsorbates which is not being

accounted by these isotherm equations.

Total adsorbed amount along with CO2 adsorbed amount increased with increase in CO:
composition in the binary mixture whereas amount of N2 continuously decreased,
demonstrating competition for adsorption sites and preferential adsorption of CO2 over No».
Higher critical temperature of CO2 (31 °C) as compared to that of N2 (-147 °C) is the main
reason for this behavior. CO: is expected to behave as a condensable vapor rather than a
supercritical gas thereby becoming less volatile and getting adsorbed easily. Additionally,
carbon dioxide exhibits higher polarizability than nitrogen (Table 5.12) that may enhance
attractive forces with the adsorbent surface and a permanent quadrupole results in stronger

interactions with carbon surface [175, 176].

@, (®) g
n
09 09+ -
||
| |
08 - 08 -
é 0.7 - é 0.7 -
i <
06 06 |
B Experimental I W Experimental
05 L e $ips Modle] 05 L Sips Model
—— DSL Model —— DSI. Model
777777 [AST-Sips Model L -----~ LAST-Sips Model
- —-- IAST-DSL Model - - - - TAST-DSI. Modcl
0.4 P I 1 1 1 1 T, 04 R R I N NS N S S
0.00 0.02 0.04 0.06 0.08 010 0.12 0.14 0.16 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Yo, Yeos
©) 1o [CV)
m
0.9 [ ] 09 - ™
n
n u
0.8 - 08 -
u
& 0.7 | & 0.7 -
W o
0.6 | 0.6 -
;" B Experimental B Experimental
0.5 o === Sips Model 05 | e Sips Modeel
—— DSI. Model —— DSI. Model
-~ LAST-Sips Model L o -~ LAST-Sips Model
- - = - TAST-DST. Modc] i - == = TAST-DST. Modcl
0.4 PR TRV NN TR NN N HRN R S N S N 04 PR TR [T NS N SR R S N S R
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Yco» Yeo

Figure 5.21 x-y diagram for CO2 and N2 binary adsorption on RF-700 at (a) 30 °C, (b) 50 °C,
(c) 75 °C, and (d) 100 °C
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CO2mole fraction in adsorbed phase was found to increase with CO2 mole fraction in gas phase
thereby indicating positive deviation from Raoult’s law at all adsorption temperatures. Total
amount adsorbed was found to increase with molar fraction of CO2 in gas phase with non-
symmetric x-y diagram thereby implying formation of non-ideal adsorptive mixture of CO2and
N2 at equilibrium. As the assumptions of IAST are not satisfied in this case, it results in large
deviation from the experimental data and same can be observed in Figure 5.21. Moreover, Sips
and DSL equations for binary system also deviated greatly from the experimental curves
indicating the inability of these models to explain binary system adsorption equilibria of CO2

and N2 on nanostructured carbon RF-700.

Table 5.13 reports the comparison between selectivity of CO2 over N2 obtained from
experimental breakthrough curves and isotherm model predicted values. Experimental
selectivity of CO2over N2was found to increase with gas phase molar fraction at all adsorption
temperatures while all the isotherms predicted a decrease in the selectivity. IAST based DSL
model predicted a small decrease in selectivity from 35.8 to 35.1 with increase in CO2 feed
fraction from 0.05 to 0.125 at 30 °C whereas experimental values showed an increase from
48.9 to 83.1 under same conditions. Rise in temperature did not have a substantial effect on
experimental values of selectivity for agiven CO2feed fraction but a decrease in the selectivity
was predicted by all the isotherm models. Both Sips and DSL isotherm models along with their
IAST based equations predicted lower selectivity values as compared to experimental values
at all gas phase compositions and adsorption temperatures. This could be mainly due to under
prediction of COzequilibria by these models. Therefore, it can be said that prediction of CO2/N2

selectivity is highly dependent on the accuracy of isotherm model.
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Table 5.13 Equilibrium selectivity of CO2 over N2 for binary system adsorption on RF-700
from breakthrough curve and isotherm models

CO2 mole . .
ke . Sips DSL IAST-Sips  IAST-DSL
Temp. fraction in  Experimental
model model model model

feed

0.050 48.9 28.9 35.7 40.3 35.8

0.075 51.6 26.3 34.8 39.1 354
30°C

0.100 58.5 24.6 34.0 38.5 35.2

0.125 83.1 23.3 33.4 38.1 35.1

0.050 45.8 24.4 28.9 30.5 28.0

0.075 50.1 22.7 28.7 29.6 27.8
50 °C

0.100 49.5 21.5 28.5 29.1 27.7

0.125 57.3 20.6 28.3 28.8 21.7

0.050 46.9 19.1 22.7 22.2 21.0

0.075 56.2 18.2 22.9 21.8 21.0
75 °C

0.100 55.5 17.6 23.2 21.6 20.9

0.125 61.8 17.2 23.4 215 20.9

0.050 48.9 14.5 16.9 15.9 15.7

0.075 58.2 14.2 17.2 15.7 15.7
100 °C

0.100 76.6 14.0 17.5 15.7 15.8

0.125 76.7 13.9 17.8 15.6 15.8

Similar kind of behavior of isotherm models was observed in predicting adsorption equilibria
of binary CO2-N2system on both types of carbon materials prepared in the present work. As
discussed earlier, this is majorly due to different adsorptive strengths of CO2 and N2. These
isotherm models are based on the major assumption of equal adsorption capacities of two
components which is practically not the case. Hence, it is difficult to predict adsorption

equilibria of dissimilar adsorbates by these isotherm equations. Also as prediction by IAST
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involves extrapolation of pure component isotherms outside the experimental pressure range,
isotherm of less strongly adsorbed component (i.e. N2 in this case) is extrapolated to a greater
extent thereby introducing ambiguity in IAST predictions. Different polarities and quadrupole
moment of CO2 and N2 results in large difference in interaction strength between different
mixture components. Thus, both adsorbent heterogeneity and unlike adsorbates lead to

nonconformity between IAST based values and experimental values.

IAST has been found to accurately predict multicomponent adsorption equilibria but majorly
at high pressure conditions. For example, Schell et al. [133] reported that IAST using the pure
component Sips parameters described competitive behavior of CO2/N2 mixtures on commercial
activated carbon under high pressure conditions accurately. In another work, adsorption
equilibria and selectivity of CO2 in binary system of CO2-N2, on mesoporous activated carbon,
at 18 bar was explained accurately by IAST based dual-site Sips isotherm model [177]. It
should also be noted that adsorption equilibrium in these systems is typically evaluated by
volumetric and gravimetric methods. But in the present work, predicted adsorption capacities
do not match with the experimental data mainly due to different method (dynamic method) and
adsorption conditions (atmospheric pressure and low CO2 mole fraction in gas phase) adopted

for evaluation of experimental values.

5.8 Thermodynamic study

5.8.1 Thermodynamic parameters

In addition to equilibrium study, thermodynamic study was also carried out to characterize the
adsorption behavior. Figure 5.22 displays the calculated thermodynamic parameters ie. AG,
AH and ASxT for pure component adsorption of CO2 and N2 on RF-700 carbon at 30 °C and
50 °C by using Sips equation. All the thermodynamic parameters showed similar behavior at
various adsorption temperatures. Negative values of AG for adsorption of CO2 and N2 on RF-
700 over the complete experimental pressure range indicated the adsorption process to be
spontaneous in nature. With rise in pressure, integral molar Gibbs free energy change of
adsorption declined for both adsorbates at all temperatures suggesting lower work requireme nt
during initial adsorption phase than later stages for packing of more molecules into cavities of
carbon material. Value of AG was found to be -2.53 and -2.67 kJ mol! for CO2 and N
respectively for the same coverage value of 0.18 mmol gt at 30 °C. This indicates that CO>

loading on RF-700 carbons has slightly lower work requirement as compared to N2 and higher
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pressure and hence higher chemical potential is required by N2than CO2to load on the prepared
carbons [164, 166].
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Figure 5.22 Three functions AG, AH and ASXT for pure CO2 (closed symbols) and N2 (open
symbols) adsorption on RF-700 at (a) 30 °C, and (b) 50 °C

Next, thermodynamic parameter integral molar entropy change was evaluated and the function
ASXT is presented in Figure 5.22. At low pressure of 0.05 atm, ASxT for CO2 and N2 was -
10.4 and -6.88 kJ mol! respectively at 30 °C while at higher pressure value (1 atm) the
corresponding values were -13.44 and -7.53 kJ molt. Higher magnitude of this function for
adsorption of CO2 than N2 indicated more ordered arrangement by CO2 on adsorbent surface.
In other words, CO2 confined in the cavities of the adsorbent has less degree of freedom than
N2 and this is on account of almost three folds quadrupole moment of CO2than N2 and hence
localized adsorption of CO2 [134]. Integral molar entropy change also showed negative values
for both CO2 and N2 over the complete experimental temperature and pressure range thereby
indicating formation of ordered configuration from random stage on adsorption with decrease
in degree of freedom of adsorbate. Also, this thermodynamic parameter decreased
progressively with increase in pressure for N2 adsorption. But in case of CO2 adsorption, there
was decrease in entropy at 30 °C while at rest of the adsorption temperatures, it was almost
constant over the complete pressure range.

Integral molar enthalpy change and function ASxT of adsorption of CO2 and N2 displayed
similar trends and negative values of AH demonstrated exothermic nature of adsorption process
[178]. For CO2 adsorption at 30 °C, as pressure changed from 0.01 to 1.0 atm AH varied from
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-9.97 to -17.88 kJ mol!. However, for N2, this value ranged from -7.43 to -10.27 kJ mol?.
There was gradual decrease in enthalpy values (more in case of CO2) i.e. higher heat release
during adsorption process which was due to more effective packing of CO2 molecules. Same
inference was obtained from trend of entropy change for CO:2 adsorption. But at higher
adsorption temperatures, AH showed almost constant values for pressure > 0.1 atm (ca. -23.5
kJ mot! for CO2 adsorption at 50 °C).

Above evaluated parameters explain the pure CO2 and N2 adsorption on RF-700. However,
assessment of these parameters for binary adsorption is unworkable due to lack of an accurate
isotherm equation that could define binary adsorption equilibria. Now, using Clausius-
Clapeyron equation, isosteric heat of adsorption was calculated asa function of surface loading
from pure component adsorption isotherm. As shown in Figure 5.23, isosteric heat of
adsorption for RF-700 carbon did not change significantly, with an average values of 29 kJ
mol?, thereby following the DSL isotherm model’s assumption. There was slight variation in
the value which can be attributed to energetically heterogeneous adsorbent surface.
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Figure 5.23 Isosteric heat of adsorption of pure CO2 on RF-700 carbon

5.8.2 Energy duty for desorption of CO,
For evaluation energy duty for CO2 desorption, sensible heat was calculated from specific heat
capacity, obtained by using DSC.
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Specific heat capacity of RF-700 carbon, Cp=1.215J gt K

Adsorption conditions:
Adsorption temperature: 30 °C
Feed gas concentration: 12.5% CO2in N2

Pressure: 1 atm

Desorption conditions:
Desorption temperature: 200 °C
Purge gas: 100% N>
Temperature difference, AT = (200 —30)°C=170°C= 170K
CO, adsorption capacity of RF — 700 = 0.76 mmol CO,per g adsorbent
= 0.76 x 10~*mol CO, per gadsorben = 0.03344 kg CO,per kg adsorbent
Hence, sensible heat = 271.776 k] per mole CO,
Net sensible heat = 67.94 k] per mole CO, (for 75% recovery of sensible heat [136])

To calculate isosteric heat of adsorption, value of P is determined at multiple temperatures
from isotherm for CO2 adsorption on RF-700 for a given ge and the slope is determined from
the plot of In P against 1/T. The isosteric heat of adsorption for RF-700 is in the range of 15.1—
16.8 kJ mol! with an average value of 15.74 kJ mol!, demonstrating strong interaction between
the carbon surface and CO2 gas molecules (Figure 5.24). With increase in surface coverage,
there is small decrease in isosteric heat of adsorption which indicates energetically
heterogeneous adsorbent surface. But at higher surface coverage, an increase in isosteric heat
of adsorption is observed which is due to intermolecular interaction between the adsorbed CO-
molecules. For other carbon materials, value of Qst has been reported to be in the range of 11—
30 kJ mol! [168, 179-181]. However, the trend of isosteric heat of adsorption with surface
loading under equilibrium and dynamic conditions does not match. This could be due to
heterogeneity of adsorption process on account of adsorption of both CO2and N2 in dynamic

system.

139



20

—_ —_ —_
- o)) oo
I I I

Isosteric heat of adsorption (kJ mol™)
o
1

10 ) 1 . 1 A ] ) ] A ] ) 1 .
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Amount adsorbed (mmol g’l)

Figure 5.24 Isosteric heat of adsorption with surface coverage on RF-700

Isosteric heat of adsorption, Q,, = 15.74 k] per mole CO,

Thermal energy input = 83.68 kJ per mole CO, = 1.90 M] per kg CO,
This indicates that to desorb 1 kg of CO2, energy required is 1.90 MJ and this energy is supplied

by combustion of fossil fuels.

For 1 kg adsorbent basis
Amount of CO2 adsorbed = 0.76 mmol g of CO2=0.03344 kg per kg adsorbent
Hence, energy required to desorb this CO2 = 0.0636 MJ

Now, amount of CO2 generated to produce this much energy = 0.00562 kg (source of energy:
bituminous coal; CO2 generated = 0.0884 kg per MJ of energy [170])

It can be said that 0.00562 kg of CO:2 is produced, from burning of bituminous coal, for
desorption of 0.03344 kg CO: adsorbed on 1 kg RF-700 carbon adsorbent.

5.9 Conclusions

Nanostructured carbon adsorbents were prepared from resorcinol-formaldehyde resin and

silica template via nanocasting technique followed by characterization for their textural,
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chemical and surface properties. XRD and TEM analysis confirmed the development of
nanostructured carbon adsorbents having partial amorphous character whereas the presence of
various oxygen functional groups on the carbon surface was proved by XPS analysis, FTIR
analysis and surface functionality by Boehm titration. Among the prepared carbons, RF-700
showed maximum BET surface area and total pore volume of 435 m? g and 0.22 cm?® gt
respectively. Dynamic CO: capture experiments were carried out under simulated flue gas
composition at varying temperatures and RF-700 exhibited a dynamic CO2 adsorption capacity
of 0.761 mmol g?! at 30 °C and 0.405 mmol g!at 75 °C under 12.5% CO2 concentration. CO2
adsorption capacities of RF-700 decreased with increase in temperature due to exothermic
nature of adsorption process while it increased with increase in CO2 feed concentrations
because of increased driving force. Fast adsorption Kkinetics with complete and easy
regeneration was observed for the prepared carbons making them potential candidates for CO2
capture from fiue gas. Among the studied kinetic models, fractional order adsorption Kinetic

model explained CO2 adsorption on prepared carbons over the entire adsorption region.

Pure component CO2 and N2 adsorption data on all the four adsorption temperatures was well
predicted by both Sips and dual-site Langmuir models with low SSE%. Regressed parameters
of these isotherm models were used to predict adsorption equilibria of binary system by
extending these equations and by using thermodynamic model i.e. IAST in conjunction with
these isotherm models. These theoretical models were unable to predict binary adsorption
equilibria on RF-700 carbon across the complete experimental range, as indicated by total and
partial adsorbed amounts, molar fraction in adsorbed phase and selectivity, due to
heterogeneity of the adsorbent and different saturation capacities of two adsorbates. Negative
values of molar enthalpy change and molar Gibbs free energy change, for pure CO2 and N2
adsorption, suggested the exothermic nature and feasibility of adsorption process respectively.
It was also found that work requirement for CO: loading is lesser than that of N2 with more
ordered packing of CO: in the sites of carbon adsorbent. This is due to higher polarizability
and quadrupole moment of CO2than N2. Energy duty for CO2 desorption, estimated from the
sensible heat requirement and isosteric heat of adsorption, is equal to 1.9 MJ per kg CO2

captured.
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Chapter 6 - Conclusions and Recommendations for
Future Work

6.1 Conclusions

Nanostructured carbon adsorbents were prepared by nanocasting technique using two different
polymeric precursors namely melamine-formaldehyde and resorcinol-formaldehyde resins and
mesoporous silica as template under varying carbonization conditions. Textural, chemical and
surface parameters of the prepared carbons were found to be strongly dependent on the
temperature of carbonization with 700 °C being the optimum temperature for the carbon
synthesis. Carbonization under severe conditions (> 800 °C) lead to partial collapse of the pore
structure and hence reduction in the textural properties and CO2 adsorption capacity. Also,
there was drastic decrease in basicity imparting surface functional groups, associated with both
oxygen and nitrogen heteroatoms, thereby leading to a decrease in the affinity of prepared
carbon materials towards slightly acidic CO2 molecules. For both the series of carbons,

development of nanostructures was confirmed by XRD and TEM results.

Dynamic CO: adsorption capacity of the prepared carbons, obtained from breakthrough
experiments, was found to be dependent on both the textural properties and surface chemistry
of the prepared carbons. Carbon obtained at 700 °C exhibited the best properties, in each set,
with reference to their textural and surface properties along with their performance for CO2
capture under dynamic conditions and hence was evaluated further to study the effect of
temperature and COq inlet concentration on CO:2 adsorption capacity, Kinetics, isotherm and
thermodynamic studies. CO: adsorption capacity of the prepared carbons decreased with
increase in adsorption temperature due to exothermic adsorption process while it increased with
CO2 concentration due to increased driving force. These prepared carbons were suitable to
separate CO2 from dilute simulated flue gas with complete regenerability. CO2 adsorption
Kinetics followed fractional order kinetic model with negative temperature dependence of rate

constant.

Pure component Sips and dual-site Langmuir models well predicted the adsorption equilibria
of pure CO2 and pure N2 on the prepared carbons. However, their extended forms highly under

predicted the amount of CO2 adsorbed over the complete temperature and feed concentration
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range because of the difference in adsorptive strengths of CO2and N2 molecules. Also, ideal
adsorbed solution theory was not able to describe the mixed-gas adsorption equilibria. This
was due to dissimilar adsorption levels of the adsorbates and also due to formation of non-ideal
adsorptive mixtures onthe prepared carbons at equilibria. Total adsorbed amounts were found
to increase with CO2 gas phase molar fraction implying positive deviation from Raoult’s law

with asymmetric X-y diagrams.

Feasibility and spontaneity of the adsorption process was confirmed from the Gibbs free energy
change thermodynamic parameter while molar enthalpy change indicated adsorption process
to be exothermic in nature. CO2 was found to be associated with lesser degrees of freedom and
showed more ordered configuration on carbon surface than N2 as it has higher polarizability

and quadrupole moment than No.

Nature of the starting material i.e. polymeric precursor had agreat effect on the kind of surface
functional groups present on the carbon surface which further affected their CO2 adsorption
capacity. Presence of nitrogen functionality enhanced the basic character of these carbons
thereby leading to higher CO2adsorption capacities (of MF-700) than carbons without nitrogen
(RF-700) though later showed better textural properties. Moreover, surface basicity imparted
by oxygen functional groups was almost two times higher in MF based carbon as compared to
RF derived carbons. There was a considerable effect on the adsorbent’s selectivity also towards
CO:2 over N2. MF based carbons exhibited very high selectivity (ca. 2—4 times) as compared to
RF-700 carbon.

Carbons obtained by direct carbonization of polymeric precursors exhibited poor properties in
terms of surface area, pore volume, nitrogen content and surface basicity and hence poor CO2
adsorption capacity. This indicates the benefit of using nanocasting technique which produced

carbon adsorbents having great potential in the field of CO2 capture.

On the whole, the present work is a comprehensive study of development, characterization and
performance evaluation, under dynamic conditions, of nanostructured carbons from
nanocasting technique followed by Kinetics, isotherm (pure and binary system) and

thermodynamic studies of CO2 adsorption.
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6.2 Recommendations for future work

Further adsorption study of these developed carbons should be undertaken at high
pressure conditions depending on their application in various fields.

Effect of various impurities such as particulate matter, SOx and NOx on CO2 adsorption
performance of these carbons can be evaluated in order to have complete overview of
the capture process.

Effect of carbonization conditions, like heating rate and carbonization time, on the
properties of the obtained carbons should be investigated that will further affect the CO-
adsorption capacity.

Development of mesoporous carbon adsorbents can be carried out by using other
template materials like silica (MCM-48 and SBA-15) and zeolites and can be
investigated for CO2 capture.
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