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ABSTRACT

In the pre-industrial era the great world powers were not preoccupied with the level of
global warming since fossil fuels were not much explored. But the industrial revolution
changed everything, as these energy sources started being used in the petrochemical
industries as well as in metallurgical industries resulting in an increased worry concerning

greenhouse gases.

Among the greenhouse gases, the carbon dioxide gas is one of the most common and
impactful, as we are living in a world where the industrial development continues to grow
and with that, it can be said that new technologies have been developed to reduce the
greenhouse gases quantity in the atmosphere and consequently decrease global warming.
Adsorption is one of those technologies and several adsorbent materials have been
developed as well. To reach the objective of capturing the carbon dioxide a lot of studies
have been made, to find an adsorbent with good adsorption capacity and that is easily

accessible in economic terms.

Activated carbon as adsorbent is the perfect candidate for carbon dioxide capture by
adsorption due to being economically viable and having a very significant surface area,
as its superficial surface can be improved by means of chemical and thermal
modifications. The 6 samples studied in this work were treated with: sulfuric acid
(PACSA), nitric acid (PACNA), hydrogen peroxide (PACHP) and urea (PACNAU). And
the thermal treatment used in the sample which was treated with urea occurred in a
temperature range between 400-850 °C (PACNAUT). The ability of adsorbing carbon
dioxide for each sample at different temperatures was measured. The best results were
from the PACNAUT sample at temperatures of 40, 70 and 100 °C at 5 bar pressure where
the adsorbed amount was 4,4537, 2,9805 e 2,1690 mmol g respectively. Which means,
that the PACNAUT is the best sample.



RESUMO

Na era pré-industrial de um modo geral as grandes poténcias mundiais ndo tinham muito
com que se preocupar a nivel do aquecimento global, uma vez que as fontes de energias
fdsseis ndo eram muito exploradas. Mas com a revolucdo industrial tudo mudou, estas
fontes de energias fosseis passaram a ser muito utilizados como por exemplo nas
industrias petroguimicas, as metalurgicas etc., e com o0 aumento do uso dessas energias

fosseis vem a preocupacéo da libertacdo dos gases causadores do efeito estufa.

Dentre esses gases esta o didxido de carbono que é um dos causadores do efeito estufa,
vivemos num mundo onde a desenvolvimento industrial € bem evidente, e com isso pode
se dizer que novas tecnologias foram estudas para reduzir a quantidade dos gases
causadores do efeito estufa da atmosfera e consequentemente reduzir o agquecimento
global desenvolvendo vérias técnicas para captura do diéxido de carbono como por
exemplo a adsorcdo e varios materiais de adsor¢do também foram desenvolvidos. Para
alcancar o objetivo de capturar o didéxido de carbono, varios estudos foram feitos para sua
captura, ou seja, o estudo de um adsorvente que tenha uma boa capacidade de adsorcéao e

que seja de facil acesso em termos econémico.

O carvao ativado como adsorvente é o candidato perfeito para captura de didxido de
carbono por adsorcdo por ser economicamente viavel e por possuir uma area superficial
important, uma vez que pode se melhorar a sua area superficial por modificacdo quimica
e termal. As 6 amostras que foram estudados neste trabalho tendo como amostra base o
PAC onde 5 delas sofreram modificacdo quimico onde foram utilizados: o acido sulfarico
(PACSA), o é&cido nitrico (PACNA), o peroxido de hidrogénio (PACHP) e a ureia
(PACNAU). E o tratamento termal foi utilizado na amostra que foi tratado com ureia
numa gama de temperatura entre de 400-850 °C (PACNAUT). A capacidade de adsorver
o dioxido de carbono para cada uma das amostras para temperaturas diferentes. O melhor
resultado obtido neste trabalho foi da amostra PACNAUT para gama de temperaturas
entre 40, 70 e 100 °C e presséo de 5 bares onde a quantidade adsorvida foi de 4,4537,
2,9805 e 2,1690 mmol g respectivamente. O que torna o PACNAUT a melhor amostra

de todas.
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1. INTRODUCTION

Since the industrial revolution, we have noticed that the exploration of fossil fuels as
energy source has been increasing. Over the years, the study of the impact of fossil fuels
in the environment has been done and through those studies it was revealed that the main
global warming problem is caused by those fossil fuels. Nowadays the concern about
global warming is increasing, because the main source of energy used and that continues
to be used to generate electricity besides renewable energy still is fossil fuels (coal, crude
oil and natural gas). The continued consumptions of fossil fuels pollute the environment

and accelerate global warming (Melikoglu, 2018).

When these fossil fuels are burning, they produce different types of gases that can
drastically damage the environment by provoking temperature rise, greenhouse gases
effect, high ocean level etc. Despite all those environmental damages, the major
concerning issues among the global warming phenomenon are the greenhouse gases
(GHG), including carbon dioxide (CO2), methane (CH4), chlorofluorocarbons (CFCs),
and nitrous oxide (N20), and among these, CO- is the bigger threat to the environment.
(Lee and Park, 2015).

Recent studies show that the energy consumption and global CO, emissions have
increased by about 30% and consequently, an increase of temperature from 0.30 to 0.68
°C. Due this value many researches have been carried out in the field of CO, capture by
adsorption process, especially as a post-combustion (PC) treatment of flue gas. One of
the main approaches to decrease the amount of CO> in the atmosphere is Carbon Capture
and Storage (CCS), which can reduce, control and optimize the overall mitigation costs
by enhancing a great reduction in greenhouse gas (GHG) emissions. Separation of gases
on a large scale is very important to industrial processes. For this purpose (gas separation)
some processes were developed like absorption, cryogenic distillation, membrane
separation. Among all these processes we shall take in account the adsorption process

because it is the less expensive, faster and more efficient process (Karimi et al., 2018).



2. STATE OF ART

2.1. Global warming and CO:2 capture

Climate change has become one of the primary issues nowadays which has attracted much
attention, observation, and investigation to find a solution for one of the most important
environmental and energy policy issues in the 21% century (Karimi et al., 2014
)(Nurrokhmah and Abu-zahra, 2013). One of the predominant greenhouse gases is carbon
dioxide (COz) which it’s sharply increasing in the atmosphere as well as its dangerous
effects in the ecosystem, contributes to much environmental anxiety for researchers.
(Continent et al., 2012) declared that the climate changes contribute to the enhancement
of surface temperature of earth around 3-5 °C at end of this century and it causes ice and
glacier melting which results in sea level increases of 95 cm and will disturb rainfall
patterns (Hamdan et al., 2017). Based on reports, (A and Peterson, 2007) combustion of
coal, oil and natural gas industries including naphtha refineries (Karimi et al., 2015) and
petro-chemical complexes (Iranshahi et al., 2014) are the source of more than 80% of
CO; emissions in the world (A and Peterson, 2007) and iron, steel and cement
manufacturing are next (C. Zhao et al., 2012). Due to these industrial activities the CO>
concentration has had a 70 ppm enhancement in the atmosphere from pre-industrial
period until now (from 280 ppm to 400 ppm) while it’s maximum amount should not pass
350 ppm (Wennersten et al., 2014). One of the main strategies to decrease the amount of
CO:z2 in the atmosphere is Carbon Capture and Storage (CCS) (Choi et al., 2009), which
can reduce, control and optimize the overall mitigation costs by enhancing a great
reduction in in greenhouse gas (GHG) emissions (Damiani et al., 2012)(Li and Fan,
2008). CCS is a group of technologies that have the ability of reduction emission from
fixed industrial sources into the atmosphere, which based on the BLUE Map Scenario of
the International Energy Agency (IEA), could contribute to a 19% reduction in CO>
emissions, as most costly component of the CCS process, by 2050 (Figueroa et al., 2008)

(le, 2006). The simple schematic of CCS has been presented in figure 1.
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Figure 1. Concept and summary of CO2 capture and storage (CCS). Adapted from (Seul-Yi Lee et al.,
2012).
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2.2. Physical Adsorption

Currently, adsorption with amine-based adsorbents is the most popular technology for
CO; capture in the post-combustion processes throughout the world. In this method, the
flue gas passes through an absorber tower and CO; reacts with amine solution, then this
aqueous solution transports it to the absorber tower, whereby CO- is separated at higher
temperature (> 100 °C) (Ramdin, 2015)(Wang and Mitch, 2015). Besides its high
performance this method has several main drawbacks, including: equipment corrosion,
high energy consumption (for the solvent regeneration and solvent cost) as well as
producing a wide range of hazardous substances both health and environmental aspects
(Mcdonald et al., 2014)(Mcdonald et al., 2014). Thus, in the recent years, adsorption onto
porous solids as an effective and versatile technique for the removal of different classes
of pollutants from gaseous or liquid streams has received much attention.

The various physical adsorbents of CO: including porous carbons (A Arenillas et al.,
2005)(Pevida et al., 2008), metal organic framework materials (Levan et al., 2009)(Béarcia
et al., 2016), zeolite molecular sieves (Konduru et al., 2007)(Silva et al., 2014), lithium
zirconate (Ochoa-ferna, 2006), silicon based mesoporous materials (Ochoa-ferna,
2006)(Hu and Liu, 2010) and other metal oxides materials (YYang and Lin, 2006) have
been extensively developed in the recent years. Among these adsorbents, activated

carbons are high attractive for CO> capture for several reasons. These materials are
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amorphous porous forms of carbon that can be achieved in several ways. Agricultural
residues, animal wastes, and liquid fractions obtained from the thermal treatments of plant
wastes and coals (A and Ganvir, 2013)(Balsamo et al., 2013) are among the main sources
of activated carbon as well as the pyrolysis of various carbon-containing resins, fly ash,
or biomass are the other ones (Choi et al., 2009). Thus, the low cost and easy to handle
of these materials in comparison with other ones, for example preparation and scale-up
of MOFs (Metal Organic Frameworks), is one of the benefits of these materials. In
addition, the hydrophobic character of activated carbons is their main benefits over
zeolites and MOFs which results in a reduced effect of the presence of moisture that is a
vital element for adsorbents in the post-combustion processes (Plaza et al., 2010).
Furthermore, due to the weaker physical interaction of activated carbons with CO> and
having a lower heat of adsorption compared with zeolites (13X) (Silva et al., 2012) and
consequently less required energy for regeneration in the desorption process (Wahby et

al., 2010) have made activated carbons a promising adsorbent for CO- capture.

2.3. Carbon dioxide chemistry

Carbon dioxide (CO) is a non-polar, colorless and odorless gas composed of a carbon
atom double bonded to two oxygen atoms. CO has sixteen bonding electrons in its
valence shell. The C=0 bonds are equivalent and short (1.16 °A), with a molecular
diameter of 3.30 °A. Although both carbon-oxygen bonds are polar, the CO2 molecule
doesn’t have a permanent electrical dipole due to its centrosymmetric structure. Once that
two equal dipoles are located nearby, their total dipole moment is zero. Consequently,
only two vibrational bands are detected in the IR spectrum: antisymmetric stretching
mode at 2350 cm ™ and a degenerate pair of bending modes at 667 cm ™. However, CO>
molecule has a strong quadrupole (-13.71x10° Coulomb/m?) as their positive charges
overlap. This quadrupole interacts with the carbon lattice, allowing the gas molecule to
enter the pores. Other flue gas component such as nitrogen, hydrogen, oxygen and
methane have much smaller quadrupole moments which facilitate CO> interaction with
walls inside activated carbon pores in competition with another component. The CO>
physical properties are provided in table 1 (Shahkarami, 2017).



Table 1. Physical properties of COx.

Molecular Weight (g/mol) 44.01
Critical temperature (°C) 31,1
Critical pressure (bar) 73.9
Boiling point at 1.013 bar (°C) -78.5
Specific volume STP (m®Kg?) 0.506
Gas density STP (Kg/m?®) 1.976
Viscosity STP (p.sm?) 13.72
pH of saturated CO; solutions 3.7

2.4. Adsorption Phenomena

The real adsorption system can be defined as an equilibrium one including the adsorbent
being in contact with the bulk phase and the so-called interfacial layer. This layer consists
of two regions: the part of gas residing in the force field of the solid surface and the
surface layer of the solid. The term ‘adsorption’ deals with the process in which molecules
accumulate in the interfacial layer, but desorption denotes the reverse process (Do, 1998).
In figure 2 is represented the flow diagram for CO. capture by adsorption.
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Figure 2. Flow diagram of CO: capture by adsorption. Adapted from (Yu et al., 2012).

In general, the phenomenon of adsorption can be classified in different ways. It can be
classified as physical or chemical adsorption based on the scale of the heat of adsorption.
Although such an approach is widely used because of its convenience, it is not very
precise (Choi et al., 2001).

In a chemisorption there is a direct chemical bond between the adsorbate and the surface
which means that, the surface shares electrons with the adsorbate molecule. The energy
of chemisorption is of the same order of magnitude as the heat of reaction whereas energy
ranges between 62-418 kJ/mol. Chemisorption is necessarily limited to a monolayer.
Meanwhile in physical adsorption the adsorption happens mostly by van der Waals and
electrostatic forces, the surface does not share electrons with the adsorbate and there is
no chemical bond formed between the adsorbate and surface which is the reason that a
physisorbed molecule usually keeps its identity and, on desorption, returns to its original
form. Physical adsorption is exothermic, and the energy involved is not much larger than

the energy of condensation of the adsorbate that ranges between 8-41 kJ/mol. Physical



adsorption generally arises for multilayers at relatively high pressures which depends on

type of adsorbent and adsorbate used (Choi et al., 2001).

The general features which distinguishes Physical adsorption from chemisorption is
shown in table 2 (M.Ruthven, 1984):

Table 2. Distinction between physical adsorption and chemisorption.

Physical Adsorption

Chemical Adsorption

Low heat of adsorption

(<2 or 3 times latent heat
of evaporation)

Non specific
Monolayer or multilayer

No dissociation of
adsorbed species

Only significant at
relatively low
temperatures.

Rapid non-
activated reversible

No electron transfer
although polarization of
sorbate may occur

High heat of adsorption

(>2 or 3 times latent heat of evaporation)

Highly specific

Monolayer only

May involve dissociation

Possible over a wide range of
temperature

Activated, may be slow and
irreversible

Electron transfer leading to bond
formation between sorbate and
surface

2.5. Adsorption isotherm

The adsorption isotherm is a batch equilibrium procedure which provides data relating
with the adsorbate adsorbed per unit weight of adsorbent with the amount of adsorbate
remaining in the solution. The adsorption isotherm is used to determine the adsorption
treatment feasibility (Gray et al., 1985). When an adsorbent meets the adsorbate
(surrounding fluid) adsorption takes place. After a long time, the adsorbent and adsorbate
reach equilibrium i.e. W =f (P, T) where T is the temperature, P is the pressure and W is
the equilibrium uptake of adsorbed adsorbate in unit of g/g or mol/g. If the temperature

is kept constant, the change in equilibrium uptake against the pressure is called the



adsorption isotherm, W = f (P). When the gas pressure is kept constant and the adsorbent
temperature varies, the change in amount of adsorbate against the temperature is called
the adsorption isobar, i.e. W =f (T). Moreover, if the amount of adsorbate is kept constant,
the change of pressure against the temperature is called the adsorption isosteric, i.e. P =f
(T). In an adsorption study, the adsorption isotherm is more likely to be used to express
the result of adsorption rather than adsorption isobar or isosteric. For the designing of any
adsorption, process equilibrium isotherm is one of the more important parameters. The
amount of adsorbent needed in the absorber is determined by the equilibrium data, which

in turn determines the key dimension and operation time for the process.

The adsorption isotherm can have different shapes, which is based on the adsorbent,
adsorbate and the adsorbent-adsorbate interaction. Figure 3 shows the classification of six
types of adsorption isotherm according to IUPAC (International Union of Pure and

Applied Chemistry).

‘ I 11 II1
=
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Relative Pressure —

Figure 3. The IUPAC classification of isotherm. Adapted from (Guidance, 2011).

2.5.1. Type I isotherm
When an adsorbent contains very fine micropores where the pore dimension is only a few

molecular diameters, the potential field of force from the neighboring walls of the pores



will overlap causing an increase in the interaction energy between the adsorbent surface

and gas molecules.

2.5.2 Type Il isotherms
These isotherms correspond to multilayer physical adsorption. It is concave at low

relative pressure, and then linear for a small pressure range where monolayer coverage is
complete, and subsequently become convex to the relative pressure axis, indicating the
formation of multilayer whose thickness increases progressively with an increase in

relative pressure.

2.5.3 Type Il and Type V isotherms

Type Il and Type V isotherms are characterized by being convex to the relative pressure
axis. In type 111 isotherms the convexity continues throughout the isotherm but in type V
the isotherm reaches a plateau at high relative pressure. The convexity of the isotherm is
the indication of cooperative adsorption, which means that the already adsorbed
molecules tend to enhance the adsorption of other molecules. In other words, we can say

that it supports the adsorbate-adsorbate interaction.

Type 1l isotherms are generally observed in the case of nonporous or highly microporous
adsorbents, and type V on mesoporous or microporous adsorbents for the adsorption of

both polar and non-polar adsorbates.

2.5.4 Type IV isotherms.

Type 1V isotherms are obtained for adsorbent containing pores in the mesopore range.
The shape of the type 1V isotherm follows the same path as type Il at lower relative
pressure and the slope start decreasing at higher pressure. At saturation vapor pressure
the isotherm levels, off to constant value of adsorption. The portion of isotherm, which is

parallel to the pressure axis, is attributed to pore filling by capillary condensation.

2.5.5 Type VI isotherms.
Type VI isotherms show discrete steps which may be caused by multilayer formation in
different ranges of micropores (Guidance, 2011).



2.6. Adsorbents
The porous solid of a given adsorption process is a critical variable. The success or failure

of the process depends on how the solid performs in both equilibria and kinetics. A solid
with good capacity but slow kinetics is not a good choice as it takes adsorbate molecules
too long time to reach the particle interior. This means that the gas spends a long time
inside of the column, hence a low throughput. Still, a solid with fast kinetics but low
capacity is not good either as a large amount of solid is required for a given throughput.
Thus, a good solid is the one that provides good adsorptive capacity as well as good
kinetics. To satisfy these two requirements, the following aspects must be satisfied: (1)
the solid must have reasonably high surface area or micropore volume and (2) the solid
must have relatively large pore network for the transport of molecules to the interior (Do,
1998).

During past few years, several researches about different types of adsorbents for CO>
capture have been made. According to (Choi et al., 2009) the three most important
physical adsorbents are carbonaceous materials (activated carbon), inorganic porous
materials (zeolites) and MOFs adsorbents. These adsorbents have adsorption
characteristic that allow them to be different from each other, for example, the activated
carbons have high surface area, high amenability to pore structure modification and
surface functionalization plus they can be regenerated easily and owing to their low cost.
The zeolites adsorption capacity can be affected by their size, charge density and chemical
composition of cations in their porous structure (Wang et al., 2011). Regards to MOFs,
according to (Li et al., 2011) it may be noted that high surface area, controllable pore
structures and tunable pore surface properties, can be easily tuned by changing either the
metallic clusters or the organic ligands. Among these characteristics the major drawbacks
of these adsorbents (zeolites and MOFs) are the affinity that they have with water, which
drastically reduce their adsorption capacity and requires a high regeneration temperature
(usually above 300°C) and this will become expensive because of the high energy
requirement. The activated carbon has a hydrophobic character. The pore size according
to IUPAC is shown in table 3.
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Table 3. The pore size according to IUPAC

Type Pore size (nm)
Supermicro-pore 0.7-2
Micro-pore <2
Meso-pore 2-50
Macro-pore >50

2.7. Pressure Swing Adsorption

Nowadays many researches of capturing CO: for carbon sink as a greenhouse mitigation
have been published. To recover CO> from flue gas produced by power plants, steel mills,
and cement kilns, the gas absorption technology can be used with carbonates or
alkanolamines solvents. Although in a conventional MEA (Monoethanolamine)
absorption processes there is a major disadvantage since the regeneration of the solvent
is highly energy intensive (Audus, 1997; Meisen and Shuai, 1997). Also, the absorption

process is expensive and involves corrosion problems.

For that its crucial to find solutions that allow improvement of technologies for CO;
capture that are needed to reach low energy penalties, in addition as alternative
technologies pressure swing adsorption (PSA) could be applicable for removal of CO>
from flue gas streams. As it is a simple process to operate, the PSA systems have an
advantage over absorption or cryogenic systems, PSA necessitates only a few vessels
capable of withstanding pressure changes. The PSA and absorption systems have one
thing in common is that both can do the regeneration of adsorbent that can be reused but
PSA system has no limitation compared to other technologies like absorption which is
technical experience in the matter of CO. recovery from industrial streams such as post
combustion flue gas (Ho et al., 2008). In respect to CO capture by adsorption process,

the most used technology in industrial scale is Pressure Swing Adsorption.

Due its cyclic adsorption process, PSA allows for a continuous separation of gas streams.

However, its performance works by periodic changes of pressure, aiming for the
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optimization of contaminants removal. The main way to know how the PSA system acts

Is by measuring the product purity and recovery (Chung et al., 1998).

3. EXPERIMENTAL SECTION

In this work, six samples were analyzed, where one of these samples generated the
others 5 activated carbon samples through chemical and thermal treatment. In this section
the breakthrough curves experiments will be discussed, how the activated carbon was

treated, its performance and the studies of the isotherm curves.

3.1. Material and Methods

3.1.1. Materials and Chemicals

PAC (powder activated carbon) is an extruded carbon material produced by steam
activation. The commercial powder activated carbon Norit ROX 0.8 (PAC) with high
purity (ash content of only 3 wt.%) was supplied in cylindrical pellets (diameter and
average length were 0.8 mm and 4.0 mm, respectively). Urea (65 wt.%), nitric acid (65
wt.%) and sulphuric acid (96-98 wt.%) were supplied by Riedel-de-Haén, and hydrogen
peroxide (30%, w/v) was obtained from Panreac. In addition, the used gases, carbon
dioxide and helium with purity of 99.98% and 99. 95% respectively were supplied by Air
Liquide.

3.1.2. Activation Techniques

Physically (thermally) and chemically methods are the two main techniques for synthesis
of activated carbon (AC). In the thermal activation, the materials are carbonized in the

temperature range of 400-850 °C, while in the chemical method activation takes place by

12



heating the mixture of precursor and dehydrating agent or oxidant (Rodriguez-Reinoso,

2002).

The original PAC (Norit ROX 0.8) was grinded and sieved to the particle sizes ranging
from 0.106 to 0.250 mm, then, was chemically modified by liquid phase, thermal and
hydrothermal. In this way, three samples were prepared by treating 25 g of the original
PAC with 500 mL of 30 % (w/v) H202 (PACHP sample), 18 M of H.SO4 (PACSA
sample) and 5 M of HNO3z (PACNA sample) at the room temperature (24 h), 150 °C (3h)
and 110 °C (3 h), respectively. After these treatments, all samples were filtered and
washed several times with distillate water until the neutrality of the ringing water is
reached. Later, samples were dried at 110 °C in an oven, during 18 h, resulting in the
PACHP, PACSA and PACNA materials. Other two samples were obtained in the
successive treatments of the PACNA material. First one was obtained through the
treatment of PACNA with 1 M of urea solution (50 mL per 2 g of PACNA) at 200 °C for
2h, under its own vapour pressure in a stainless-steel high-pressure batch reactor. Later,
the material was filtered, washed and dried at the same conditions which resulted in
PACNAU material. Second sample was obtained from a gas phase thermal treatment of
1 g of the PACNAU sample under N2 flow (100 cm®min?) at 120 °C, 400 °C and 600 °C
for 1 h at each temperature and then at 800 °C during 4 h, resulting in the PACNAUT

materials.

3.1.3. Characterization of Activated Carbons

Textural characterizations of the activated carbons were obtained from N adsorption—
desorption isotherms at -169 °C, using a Quanta-chrome NOVA 4200e adsorption
analyzer. BET method, (Brunauer et al., 1938) was used to determinate the specific

surface area (Sget) of activated carbons and t-method (employing ASTM standard D-
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6556-01 for the thickness calculation) to determinate the external surface area (Sex:) and

the micropore volume (Vmicrop) (de Boer et al., 1965)

Subtracting the Sext from Sger resulted in the microporous surface area (Smicrop), then the
average pore diameter (Dmicrop) Was determined by approximation (Dmicrop = 4
Vicrop/Smicrop). The total pore volume (Vrotat) Was calculated at p/p°® = 0.98. In addition,
microporosity was evaluated by employing the empiric micropore analysis method of
(Mikhail et al., 1968). (MP) and theoretical Horvath-Kawazoe (HK) method (Horvath
and Kawazoe, 1983) and mesoporosity was assessed by using Barrett-Joyner-Halenda
method, (BJH) applied for N, adsorption and desorption (p/p® > 0.35) (Barrett et al.,
1951).

Calculations of those methods were all done by using Nova Win software v11.02.
Elemental compositions (C, H, N and S) were quantified by employing a Carlo Erba EA

1108 Elemental Analyzer. In the table 4 are expressed the results of elemental analyses.

Table 4. Elemental analyses of the AC materials.

C H S N Remaining
(%) (%) (%) (%) (%)
PAC 79.0 1.4 0.6 0.0 19
PACSA 76.1 1.7 11 0.0 21.1
PACHP 81.3 1.3 0.6 0.0 16.8
PACNA 70.5 2.3 0.4 1.4 25.5
PACNAU 75.3 2.6 0.3 3.2 18.6
PACNAUT 88.5 21 0.4 2.7 6.3

3.1. Breakthrough Experiments

For the realization of the breakthrough experiments all the gases (He and CO2) were
supplied by Air Liquide (France) with high level of purity: helium ALPHAGAZ 2
(99,9998%), carbon dioxide N48 (99,995%).

The Adsorption process took place in a gas chromatograph, SRI 310C (SRI Instruments,
Torrance, United State of America), equipped with a thermal conductivity detector (TCD)

where He was used as the carrier gas as is showed in figure 4.
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Figure 4. The gas chromatograph SRI 310C connected to the computer.

The gas chromatograph has an oven with a programmable temperature from room
temperature up to 220° C, unlimited ramps and it has also a faster cooling. The data
acquisition system, peak simple, is too easier to make connection with the computer.

To estimate the performance of the studied adsorbents, the CO. saturation (i.e.,
equilibrium) adsorption capacities of the activated carbon, the breakthrough
measurements for the CO> containing binary gas mixture were conducted in a fixed-bed
adsorption unit (Fig. 5).
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Figure 5. Schematic diagram of the experimental setup for the cyclic adsorption—desorption experiments: He, Helium
bottle, CO2, Carbon Dioxide bottle, Mass flow controller. Adapted from (Karimi et al., 2018).

The stainless-steel fixed bed reactor has a 10 cm height with inner diameter of 0,46 cm
and 0,089 cm of wall thickness. The gas system consists in 3 lines fitted with two Mass
Flow Controller (MFC), model GFC17 from AALBORG, New York, United State of
America (one mass flow controller for helium and another one for carbon dioxide), the
first line is for the helium feed and the second one is for the mixture gas feed (carrier gas
and CO.) and the third one is for feed of the binary gas mixture.

The column was packed with the activated carbons to ensure the measurement of
adsorption amount of CO> during the experiments, once the column is filled, the gas that
should pass first through the column should always be the carrier gas. Before the
experiments are started, it is necessary to feed the packed column with He during 12 hours
at 463K, the He flow rate is measured and CO: flow rate as well before recording the flow
rate of He and CO>. Once the experiment is started the line with He and the line with gas
mixture goes to one switch valve that allows which desired line should pass through the

adsorption column. The not desired line is redirected to line 3. All the system pressure is
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controlled by a Back- Pressure-Regulator 5 bar model from Alicat Scientifc, Tucson,
United States of America.

When the line with gas leaves the column, it goes through the TCD that can detect the
concentration of all gas around 100 ppm, also this signal helps to know the correct
breakthrough time that the adsorbate (CO>) leaves the adsorption column. To obtain the
COq adsorption capacity the follow breakthrough curves equation was used. In gas phase
adsorption, the adsorbed gas quantity in the column empty spaces, can be disregarded
regarding the quantity adsorbed by the adsorbent bed.

B Yco,, feed R &V, _ Yco,, feed RV

1 ts
QCOz = I:COZ - FCOz t dt (1)
madsorbent J.O ( . * ) ZRgTb ZRgTb
<=>
QCOkm IOtS(FCOZ'in—FCOZ,out ydt

The t; means the saturation time of the bed and & is the total porosity of bed. & is
calculated by the following equation:

g =+1-5) 5 (2)

Breakthrough tests were performed in constantly adsorption—desorption cycles where the
adsorbent reached saturation (maximum adsorption capacity of the adsorbed component)
through the adsorption step although it was completely regenerated during the desorption

step where the inert gas (He) was used to clean the sample after every adsorption step.

3.2. Langmuir model

To better understand the adsorption process, several thermodynamic models were
developed, and the Langmuir model is one of them due to its theoretical simplicity to

describe the monolayer adsorption onto homogeneous surface (Ammendola et al., 2017).
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According to (Vieira et al., 2018) the Langmuir model is an equation originally deducted
for adsorption of gas molecules in solid surfaces. The Langmuir isotherm is based on the
following assumptions (Pérez-Marin et al., 2007):

« adsorbed molecule is chemically adsorbed at a fixed number of well-defined sites,
* each site can only hold one adsorbed molecule,

» all sites are energetically equivalent,

» and there is no interaction between the molecules adsorbed.

The Langmuir model is usually used to fit experimental data. Based on this, the following
mathematical equation of the Langmuir model is normally applied (Clarke and Irving
Langmuir, 1916):

_ QuKiPco2 3

Qe = 1+ K, Pcoo

where Qm (mmol g?) is the maximum monolayer adsorption capacity of the adsorbent,
Pcoz (bar) is the equilibrium partial pressure of the gas adsorbed, with K. (bar?) is the
Langmuir adsorption constant or the affinity constant. It is a measure of how strong an
adsorbate molecule is attracted to a surface. When K is larger, the surface is covered
with more adsorbate molecule because of the stronger affinity of the adsorbate molecule
towards the surface.

_aexp(4H /R.T)

K
" Kg.27MR,T

=K, exp(4H / R,T ) (4)

K, = (5)

AH is the heat of adsorption, «a is the sticking coefficient, T is the temperature, Rg is the
gas constant and M is the molecular weight. The validity of the achieved model is
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evaluated by the correlation determination coefficient (R?), which its scale is [0-1] and
for the best fitting it should be closer to the unity.

4.  RESULTS AND DISCUSSIONS

The powder activated carbon (PAC) served as a base for the followed activated carbons:
PACHP, PACNA, PACNAU, PACSA and PACNAT. These activated carbons were
modified chemically and thermally. The chemical treatments modifiers agents used were;
H2SO4 (PACSA sample), nitric acid (PACNA), H.O, (PACHP sample) and urea
(PACNAU). The thermal treatment was carried out under a temperature range between
400-850 °C (PACNAUT). The results for the adsorption-desorption process are presented
in table 5.

Table 5. Results of adsorption-desorption with N at 77K.

SBET Sext Shmic V mic Vmic/VTotaI Whic

(m?.g7) (m’.gh)  (m*g?) (mm*g?!) (%) (nm)
PAC 885+ 10 160+ 2 725+ 12 314+1 58 1.73+£0.03
PACSA 862+ 9 150+ 2 712 £11 3081 59 1.72 £0.03
PACHP 893 +10 159 +2 734+ 12 319+1 58 1.73+£0.03
PACNA 889 + 10 170+ 2 719+12 311+1 57 1.72 £0.03
PACNAU 960 £ 11 1812 778 £12 3361 58 1.72 £0.03
PACNAUT 1055+£11 197+2 858 £ 12 3671 58 1.71£0.03

As mentioned before, the surface area is the main feature for a high adsorption quantity
and according to the values from surface area showed in table 5 it can be observed that
when the PAC is treated with H2SO4 the Sger area can be lower than PAC before treated.
For the PACNA and PACHP samples their Sger differ a little bit from the original sample
(PAC). Therefore, the only samples with significant Sget are those who had urea and
thermal treatment, (PACNAU and PANAUT).

To perform the CO> capture by adsorption the following table shows the used values for
adsorbents mass, the helium and the carbon dioxide flow rates and operational conditions.
It should be noted that according to the data from table 6 the same flow rates were used

and more unless the same mass for all samples.
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Although for this process, each sample was used five times for each temperature of 313,

343, 373 K, and the total pressure range between 1 bar to 5 bar.

Table 6. Total parameters and operation conditions used during the experiments.

PAC PACSA PACHP PACNA PACNAU PACNAUT

Mass of sample (gr) ~0.6 ~0.6 ~0.6 ~0.6 ~0.6 ~0.6

Ambient pressure (bar) 1 1 1 1 1 1

Ambient temperature (k) 293.75 295.55 294.85 295.25 293.05 294.35

CO; flow rate (ml/min) ~10 ~10 ~10 ~10 ~10 ~10

Helium flow rate (ml/min) ~9 ~9 ~9 ~9 ~9 ~9

Particle sizes (um) 106-250 106-250 106-250 106-250 106-250 106-250

Porosity (total volume porous, 541 520 545 547 581 635

mm3-g )

Operating Conditions

PAC PACSA PACHP PACNA PACNAU PACNAUT

Temperature (K) 313,343,373 313,343,373 313,343,373 313,343,373 313,343,373 313, 343,373

Total Pressure (bar) 1,2,3,4,5 1,2,3,45 1,2,3,45 1,2,3,4,5 1,2,3,4,5 1,2,3,4,5

4.1. Breakthrough Curves

To obtain the breakthrough curves it was necessary to record the dynamic behaviour by
a continued registration of the CO> flow rate at the column outlet as a function of time.
To know the dynamics estimation of the column it must be considered the adsorption
capacity and the time that the adsorbent reaches the saturation.

The CO> adsorption capacity (Qco2) was calculated by numerical integration of the
breakthrough curve data by Eqgn (1). For example, all breakthrough curves obtained for
the activated carbon PACNA at the same CO; flow rate, total partial pressure and
temperatures (313 K, 343 K and 373 K) are illustrated in figure 6,7 and 8.

The curves show that initially the CO> can be efficiently adsorbed on activated carbon. It
can be observed at higher adsorption temperature corresponds to low breakthrough time.
The CO- adsorption time for PACNA at a total pressure of 5 bars is about 5,20 min, 3,35
min, and 2,48 min at adsorption temperature of 313 K, 343 K and 373 K respectively.
The steep nature of these curves is indicative of an efficient use of the adsorbent in the

dynamic process.
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Figure 7. PACNA Breakthrough curves at 343 K.
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Figure 8. PACNA Breakthrough curves at 373 K.

4.2. Adsorption isotherms

The isotherms adsorption was measured at temperature range between 313, 343 and 373

K and pressure range between 1 to 5 bar.

The breakthrough curves obtained are of crucial importance, because through these
breakthrough curves calculations it will be possible to determine the isotherms of
adsorption. According to (Singh and Kumar, 2017) it is noted that through the adsorption

isotherms a better idea of the adsorbate-adsorbent pairs adsorption behaviour and
performance can be obtained.
The experimental data of CO- adsorption was fitted with the Langmuir model. The figures

9 to 14 bellow represent the experimental CO; isotherms at different temperatures and
fitted with the Langmuir model for PAC, PACHP, PACSA, PACNA, PACNAU and

PACNAUT. The adsorbed material quantity is showed in terms of mmol of pure
component adsorbed by grams of adsorbent. The landmarks points are the experimental

data while the solid lines represent the isotherm model used in this study.
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Figure 10. PACSA equilibrium adsorption isotherms fitted with Langmuir equation.
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Figure 11. PACNA equilibrium adsorption isotherms fitted with Langmuir equation.
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Figure 12. PACHP equilibrium adsorption isotherms fitted with Langmuir equation.
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Figure 14. PACNAUT equilibrium adsorption isotherms fitted with Langmuir equation.
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From the figures mentioned above it can be observed that when the temperature increases,
the quantity of CO. adsorbed decreases, that happen due to the strength of the binding
forces between the adsorbate and adsorbent in agreement with the exothermic nature of
adsorption (Singh and Anil Kumar, 2016). According to (Rashidi et al., 2013)
physisorption and adsorption are preferred at low temperatures. Since a higher amount of
CO; adsorbed is obtained at low temperature, it suggests that the process has a physical
adsorption behavior. On the other hand, the increase of adsorption capacity occurs when
the pressure is increased. The isotherms adsorption classification according to IUPAC
show that, the figures above follows the isotherm-behavior of type-1 that indicates a
monolayer adsorption mechanism usually designated as microporous adsorbents
materials (Sarker et al., 2017). The Langmuir model used for all samples are specified

from equation 3 mentioned before.

Table 7. Langmuir parameters at different temperatures.

Samples
T (K) t:er}?ﬂte“r:ts PAC PACHP PACSA PACNA PACNAU PACNAUT
Qnm 17.57 21.93 23.29 19.43 20.73 17.19
313 K, 0.373 0.462 0.926 0.527 0.378 0.314
R2 09778 09697  0.9474  0.9665 0.9787 0.9821
Qnm 17.57 21.93 23.29 19.43 20.73 17.19
343 K, 0.207 0.221 0.423 0.274 0.188 0.176
R2 0.9899 09886 09784  0.9865 0.9919 0.9923
Qnm 17.57 21.93 23.29 19.43 20.73 17.19
3713 KL 0.126 0.119 0.219 0.159 0.105 0.108
R? 0.9956  0.9959  0.9914  0.9935 0.997 0.9965

According to von Oepen et al., (1991), for being a small size molecule and having a higher
quadrupole moment the CO> favors the adsorption at the time that enters in the activated
carbon cavity. When the adsorbate and adsorbent interact, the change in standard enthalpy
was caused by various forces, including van der Waals, hydrophobicity, hydrogen bonds,
ligand exchange, dipole—dipole interactions and chemical bonds.

From table 7 it is clear to see in the AH (represented in table 7 as Qm) values that CO>
showed an interesting behavior. The Langmuir parameters shows that, the Qm values are

in the range of 17-23 kJ which mean that according to Zhou et al.,( 2012) usually, the
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amount of enthalpy changes (AH) for absolute physical adsorption is less than 20 kJ mol
! while for chemisorption its varies between 80 to 200 kJ mol™. There can also be
observed a decrease in K values due to the increase in temperature, which confirms the
adsorption exothermic nature. For all samples the R?are approximately to 1, which means
that the correlation between the adsorption experimental data and Langmuir model are
well fitted.

4.3. Comparison of different types of adsorbents for CO2 adsorption

During past few years a lot of research to find better adsorbent for CO, adsorption has
been made. These adsorbents have been treated chemically and thermally to increase their
adsorption capacity. To know if the studied adsorbent has a good capacity for CO:
adsorption it is important to make a comparison with some adsorbents previously studied.
The table below shows the adsorption capacity of some adsorbents which have been
activated chemically and thermally. As can been seen, all experiments were performed at
pressure of 1 bar and the temperature ranged between 298 and 393 K. Comparing the
other samples temperature with that one used in this work, it can be noted that exists a
slightly difference between them. To be a good adsorbent for CO2 adsorption, it can be
observed from the results presented in the table 8 as well as mentioned before, the
temperature interferes in CO, adsorption capacity as well as the type of activation, the
adsorbents CO> content and the porosity size.

Here the only comparison that will be made is through the temperature of 373 K,
considering the type of activation and the porosity size. For the A (1)-700 (char derived)
adsorbent the activation was made with KOH and the porosity is microporous and the
CO; adsorption capacity is 0,704 mmolg™ while for this work the type of activation was
made with nitric acid, urea and thermally (800 °C) the porosity is micro/mesoporous size
and CO2 adsorption capacity is 0,6220 mmol g that was calculated by equation 1. The
results of this work are much better than the rest of the adsorbents besides for the A (1)-

700 (char derived) sample there is higher.
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Table 8. Comparison of CO» adsorption capacity in the different types of adsorbents.

Adsorbents

AHEP (Algae)

A (1) -700 (char derived)

B (1) -700 (char derived)

C (1) — 700 (char derived)

GKOSNB800 (Biomass Olive Stones)

P-C (polyethylene terephthalate)

AC-MEA

HCM-DAH-1(Carbon Monoliths)

32ACSH3

Type of activation

KOH activation

KOH activation

KOH activation

KOH activation

CO2 & Heat Treatment

KOH activation

MEA activation

Amines

NaOH activation

Porosity

Micro/mesoporous

Microporous

Microporous

Microporous

Micro/mesoporous

Microporous

Micro/mesoporous

Meso/macroporous

Microporous

Pressure (bar) Temperature (K)

1

298
323
348
298
373
298
373
298
373
298
373
298
373
303
343
373
393

298

308

Adsorption capacity(mmolg™?) References

1,39
0,413
0,211
3,136
0,704
0,84
0,16
1,25
0,34
1,954
0,59
1,09
0,273
1559
1,132
0,575
0,125

0,9295

0,6159

(Zhang et al.,
2012)

(Olivares-
Marin et al.,
2011)
(Olivares-
Marin et al.,
2011)
(Olivares-
Marin et al.,
2011)

(Plaza et al.,
2009)

(A. Arenillas
et al., 2005)

(Mercedes
Maroto-
Valer et al.,,
2008)

(Olivares-
marin et al.,
2011)
(Bayhan and
Kara, 2015)
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Table 8. Comparison of CO2 adsorption capacity in the different types of adsorbents

318 0,78
AAM-Silica nfa Micro/mesoporous 1 333 0.58 (Y. Zhao et
348 0,49 al., 2012)
363 0.43
CB-FM Magnetic fine particles Micro/mesoporous 1 291 0,38 gf‘;‘:n;gf%la
. - ) 298 2,634 Parshetti et
Empty fruit bunch AC KOH activation Microporous 1 33 1743 <'(:1|., 2015)
298 1,79
Coconut AC CO2 activation Microporous 1 323 1,27 (2'322) et al,
373 0,43
298 1,88 o
Norit SX2 (peat) Steam activation Mesoporous 1 323 1,29 gfaztgfé) et
373 0,61
. . L 313 1,4721
gg)CNAUT (Modified Norit ROX (I\élgl(t)l(;:gg)d,urea&thermally Micro/mesoporous 1 243 08773 T ok
373 0,622
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5. CONCLUSIONS

For being one of the biggest causes of greenhouse gases effects, CO, became a constant
problem to the environment. Due to this, many researches to find the best technologies
and processes have been developed for CO. capture. The cost of the process should be
lower, for that the adsorption process is better considering, the knowledge of adsorbents
is needed once through a known CO> adsorption capacity it can help with the size of

equipment design.

The CO, adsorption experiments with a modified Norit ROX 0,8 activated carbon were
performed using a total pressure range between 1 to 5 bar and the temperature at 313, 343
and 373 K to obtain the CO adsorbed amount. Six activated carbon samples were
examined by adsorption process. For these samples, the PAC sample is the main base and
the PACSA, PACNA, PACHP, PACNAU and PACNAUT were activated through
chemically and thermally treatments. Through the obtained data it can be concluded that
between all the samples the PACNAUT has more capacity to capture CO, and on the
other hand the PACSA was the one that has the lowest capacity for CO». The reason why
we think that the PACNAUT has the higher CO> adsorption capacity is due to its high
carbon content showed from the elemental analyses, and also from the high surface area
showed from adsorption-desorption made with N2 at 77 K which further fortifies the idea
that the surface area is one of the main factors to obtain a large amount of carbon dioxide
adsorption. The CO adsorption isotherms obtained in this work follows a type-I isotherm

according to the IUPAC classification, and represents a monolayer mechanism.

The study of adsorption isotherms of all these six samples allow us to see how much the
temperature and pressure can affect the adsorption capacity. From these isotherms it is
possible to observe that the PACNAUT adsorption results at 313 K and 5 bar the
adsorption amount of CO2 was 4,4537 mmol g* while for 343 and 373 K the amount was
2,9805 and 2,1690 mmol g respectively. As can be seen the temperature really affects
the CO> adsorption capacity since for best sample, we got the higher amount at 313 K, as
we raise the temperature is visible that the CO> adsorption capacity decreases and this
happens because when we rise the temperature and the van der Waals forces became
weaker. We can complement saying that there is not much difference between the results
obtained from 343 and 373 K, further reinforcing the idea that as we raise the temperature

the COz adsorption capacity decreases. It should be added that the pressure also affects
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the adsorption once the COz adsorption capacity increases as we increase the pressure. As
mentioned before the experiments were carried out under temperature range between 313,
343 and 373 K and the pressure range between 1 to 5 bar. Based on this, we conclude that
at low temperature and high pressure we can get high amount of CO.. For future work we
recommend for study the CO> adsorption capacity to keep the pressure and decrease the

temperature lower than 313 K.
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APPENDIX

Appendix A
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Figure 15. Comparison of COz breakthrough adsorption measurement Isotherm of different activated carbon at

313K
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Figure 6. Comparison of CO2 breakthrough adsorption measurement Isotherm of different activated carbon at

343K
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Isothermic comparison 373 K
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Figure 17. Comparison of CO breakthrough adsorption measurement Isotherm of different activated carbon at
373K

Table 9. Comparison of CO. breakthrough adsorption measurement Isotherm of

different activated carbon at 313 K

AC ACSA ACNA
313K
Partial Pressure(bar) Q(mmol/g) Partial Pressure(bar) Q(mmol/g) Partial Pressure(bar) Q(mmol/g)
0,544 1,450 0,514 1,289 0,532 1,341
1,086 2,282 1,029 1,880 1,051 2,010
1,631 2,977 1,514 2,235 1,578 2,589
2,170 3,538 1,961 2,574 2,077 2,967
2,692 4,016 2,426 2,845 2,630 3,461
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Table 10. Comparison of CO> breakthrough adsorption measurement Isotherm of
different activated carbon at 313 K

ACHP ACNAU ACNAUT
313K
Partial Pressure(bar) Q(mmol/g) Partial Pressure(bar) Q(mmol/g) Partial Pressure(bar) Q(mmol/g)
0,543 1,419 0,541 1,295 0,541 1,472
1,081 2,124 1,074 2,051 1,077 2,381
1,625 2,730 1,609 2,662 1,626 3,176
2,150 3,234 2,148 3,269 2,164 3,820
2,725 3,778 2,627 3,598 2,699 4,453

Table 11. Comparison of CO> breakthrough adsorption measurement Isotherm of
different activated carbon at 343 K

AC ACSA ACNA
343 K
Partial Pressure(bar) Q(mmol/g) Partial Pressure(bar) Q(mmol/g) Partial Pressure(bar) Q(mmol/g)
0,543 0,792 0,539 0,944 0,534 0,821
1,090 1,333 1,061 1,165 1,056 1,263
1,623 1,780 1,575 1,505 1,596 1,698
2,186 2,260 2,028 1,707 2,127 2,059
2,725 2,643 2,453 1,878 2,600 2,283

Table 12. Comparison of CO> breakthrough adsorption measurement Isotherm of
different activated carbon at 343 K

ACHP ACNAU ACNAUT
343K

Partial Pressure(bar) Q(mmol/g) Partial Pressure(bar) Q(mmol/g) Partial Pressure(bar) Q(mmol/g)
0,542 0,935 0,545 0,709 0,539 0,877
1,072 1,230 1,080 1,183 1,089 1,514
1,612 1,621 1,606 1,586 1,628 2,045
2,132 1,939 2,135 1,986 2,176 2,577
2,722 2,334 2,638 2,292 2,696 2,980
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Table 13. Comparison of CO2 breakthrough adsorption measurement Isotherm of
different activated carbon at 373 K

AC ACSA ACNA
373K
Partial Pressure(bar)  Q(mmol/g)  Partial Pressure(bar)  Q(mmol/g)  Partial Pressure(bar)  Q(mmol/g)
0,543 0,792 0,539 0,944 0,534 0,821
1,090 1,333 1,061 1,165 1,056 1,263
1,623 1,780 1,575 1,505 1,596 1,698
2,186 2,260 2,028 1,707 2,127 2,059
2,725 2,643 2,453 1,878 2,600 2,283

Table 14. Comparison of CO> breakthrough adsorption measurement Isotherm of
different activated carbon at 373 K

ACHP ACNAU ACNAUT
373K
Partial Pressure (bar) Q(mmol/g) Partial Pressure (bar) Q(mmol/g) Partial Pressure (bar) Q(mmol/g)
0,542 0,935 0,545 0,709 0,539 0,877
1,072 1,230 1,080 1,183 1,089 1,514
1,612 1,621 1,606 1,586 1,628 2,045
2,132 1,939 2,135 1,986 2,176 2,577
2,722 2,334 2,638 2,292 2,696 2,980
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