THESE

UNIVERSITE DE PAU ET DES PAYS DE L’ADOUR
Ecole doctorale sciences exactes et leurs applications

Présentée et soutenue le 06 Septembre 2019
par Joselin Deneb Peredo Mancilla

pour obtenir le grade de docteur
de I'Université de Pau et des Pays de I’Adour
Spécialité : Génie Chimique

Adsorption et Séparation du Dioxyde de Carbone pour
la Production du Biométhane : Etude des Performances

de Charbons Actifs

* Simona Bennici Chargée de Recherche, HDR / Université de Haute Alsace
¢ Jimmy Castillo PR / Université Central du Venezuela
e Lionel LIMOUSY PR / Université de Haute Alsace
¢ Daniel BROSETA PR / Université de Pau et des Pays de I’Adour
¢ David BESSIERES PR / Université de Pau et des Pays de I’Adour
e Cécile HORT MC HDR / Université de Pau et des Pays de I’Adour

|

[l
([ 2
ate IVERSITE
BB DE PAU ET DES
m O PAYS DE UADOUR



“It is change, continuing change, inevitable change,
that is the dominant factor in society today.

No sensible decision can be made any longer
without taking into account not only the world

as it is, but the world as it will be.”

-Isaac Asimov



Abstract

Biomethane is a proven source of clean energy, it is one of the most cost-effective
and environment-friendly substitute for natural gas and diesel. The European Union
primary energy production from biomethane has folded by ~23 times in a 5 years
time period (2011-2016) making necessary to find new and improved solutions for
the separation of methane (CHy) and carbon dioxide (COg), main components of

biogas.

In this context, the objective of this doctoral thesis is the determination of per-
formance indicators such as the adsorption capacity and selectivity of activated
carbons (ACs) for the CH;/CO, separation. This work focuses on the adsorption
properties of activated carbons for the methane/carbon dioxide separation. To this
end, CH4 and CO, pure gas experimental adsorption isotherms of activated carbons
were obtained on a pressure range of 0.1 to 3 MPa) and temperatures ranging from
303 to 323 K. The first part of this thesis project consisted in the analysis of the CHy4
and COq pure gas adsorption properties of 5 commercial activated carbons Using
a set of five commercial activated carbons a linear relationship between the adsor-
bent surface area and the CO4y adsorption capacity was determined. The micropore

volume also showed a direct influence on the adsorption capacity.

The second part of this work consisted in the study of the carbon dioxide and
methane adsorption behavior of biomass-based activated carbons. Using a series of
3 ACs that had been obtained from olive stones by different activation methods, the
activation technique proved to be of mayor importance as it determines the textural

and chemical properties of the adsorbent and thus its gas adsorption capacity.

Lastly, the CH,/CO5 adsorption selectivity of the 5 commercial activated carbons
was calculated from the equimolar mixture adsorption isotherms. The selectivity fac-
tor was proven to be dependent on the sum of textural and chemical properties of
the samples. Although, activated carbons with high average pore sizes and surface
areas depicted higher adsorbed quantities it was on detriment of their selectivity.
The selectivity was found to be better for the activated carbon showing an interme-
diate surface area and a narrow pore size distribution. In addition, the presence of

sulfur functionalities was also found to improve the adsorption selectivity.



Overall, this work shows that activated carbons are competitive materials for the
upgrading of biogas, displaying adsorption properties comparable to those of other

commercially available materials.



Resumé

Le biométhane est une source d’énergie verte qui, de part son colt et son faible
impact environnemental, peut ¢tre considéré comme une alternative au gaz naturel
et au diesel. La production d’énergie primaire par I’'Union Européenne, a partir du
biométhane, a été multipliée par 23 en cing ans (2011-2016), ce qui rend nécessaire et
urgent la recherche de nouvelles solutions performantes pour I'épuration du biogaz,

notamment la séparation du dioxyde de carbone (COs) du methane (CHy).

Dans ce contexte, I’'objectif de ce travail doctoral porte sur la détermination des
indicateurs de performances (capacité d’adsoprtion, sélectivité) de charbons actifs
(CAs) dans le contexte de la séparation méthane/dioxyde de carbone pour la pro-
duction de biométhane. A cette fin, les isothermes d’adsorption de CH, et CO4 ont
été déterminées a partir d'un dispositif manométrique d’adsorption. Les mesures ont
été effectuées a des températures de 303 et 323 K pour des pressions variant de 0.1
a 3 MPa. Dans un premier temps, ’étude a porté sur 5 échantillons commerciaux
de CA différents. Les résultats montrent une corrélation entre la surface spécifique
et la quantité de dioxyde de carbone adsorbée. En outre, le volume microporeux a
un impact significatif lors des processus d’adsorption du CO, tandis que le volume

des mésopores n’a pas d’effet direct.

Par ailleurs, I’étude complémentaire d’isothermes d’adsorption du CHy et du COs
purs a l'aide de trois charbons actifs, issus de noyaux d’olive, activés par différentes
méthodes de synthese, révele que la méthode d’activation est déterminante pour
modifier les propriétés chimiques et structurales des charbons actifs et donc accroitre

leurs propriétés d’adsorption.

En outre, la sélectivité des CAs commerciaux pour la séparation CH,;/CO; a été
calculée a partir des isothermes d’adsorption du mélange équimolaire CH,/CO, a
une température de 303 K et pour des pressions jusqu’a une pression de 3 MPa. Les
résultats obtenus montrent qu’une surface spécifique élevée (<1500 m? g=!) facilite
I'adsorption du CO, mais réduit le facteur de sélectivité. En parallele, une forte
porosité conduit a une séparation moins efficace des deux gaz alors que la présence

de groupes basiques en surface favorise les phénomenes d’adsorption du COs.



L’ensemble des résultats montre que les charbons actifs, étudiés dans ce travail de
recherche, possedent des propriétés d’adsorption comparables a celles des charbons

actifs commerciaux et sont des matériaux compétitifs pour ’épuration du biogaz.
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Chapter 1. Introduction

Introduction

The global energy consumption has more than tripled in a 50 years time period
going from 3701 million tons of oil equivalent (Mtoe) in 1965 to 13511 Mtoe in
2017 [1]. Most of the energy being currently produce is supplied by fossil fuels,
i.e. oil, coal and natural gas are accountable for up to 85% of the total primary
energy consumption. As Figure 1.1 show, the increase of energy demand and global
industrialization have resulted in a dramatic increase of carbon dioxide emissions
with 99% of the total COy emissions originated from the burning of fossil fuels (see
Fig. 1.1) [2, 3, 4].

a) b)
Global Fossil CO, Emissions
4%31 Projecion 2018 16 Gt |

A2 TS, o Coal 146 4
4 Gt GO, in 2017

" / i i / Qil 12.6 a1.7%
: /_/f ._/w/l

10 / 4+ ?Z
[ —

[ e i
5 s : ‘
1960 1970 1980 1990 2000 2010 2018 1960 1970 1980 1990 2000 2010 17

i Cement 1.5 a1.2%

Figure 1.1: Emission of CO, from 1959 to 2017: a) Global emissions from fossil flues
and industry and b) share of global fossil CO5 emissions. The Data is reported in
billions of tonnes of CO, per year (GtCO,) [3].

A linear relationship between cumulative carbon dioxide emissions and projected
global temperature change to the year 2100 has been reported [5]. In the efforts to
mitigate climate change, strict global regulations of carbon dioxide emissions to the
atmosphere have been established. Furthermore, the Paris Agreement main goal
is to keep the global temperature rise well below 2 °C above pre-industrial levels.
To achieve this goal, the emission concentration in the atmosphere of Greenhouse
Gases (GHG) has to be decreased until zero net emissions before the end of the
21" century. On this context, the European Union has to reduce its CO, emissions
by 20% by the year 2020 in addition to increasing by 20% the share of energy
production from renewable sources for the same year [6]. Preliminary data indicates
a 22% reduction of emmitted CO, for the time period 2008-2017 whilst renewable
energies share doubled from 8.5 to 17% on the same period of time (see Fig. 1.2)
[7].

One of the most attractive renewable energy sources is the waste-to-energy path-
way. Biogas is the mixture of gases obtained from the anaerobic digestion of organic

matter from agricultural wastes, septic tanks, industrial wastewater and municipal

16



Chapter 1. Introduction

organic residues. The composition of Biogas varies for different subtracts, its main
components are methane (CH,) and carbon dioxide (CO,) ranging from 44 to 68%
and 24 to 40% respectively, it also presents minor impurities (concentration <1%)
such as oxygen (Oy), nitrogen (Ny), benzene (CgHg), toluene (C7Hg), hydrogen sul-
phide (H3S) and siloxanes (R2SiO, R=organic radical) [8].

Share of renewable energy in gross final energy consumption, EU-28, 2004-2016
(%)

25

20 L]

0 r T T T T T T T T T T T T
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2020

——EU-28 ® Europe 2020 target /\/

Source: Eurostat (online data code: t2020_31)
eurostatE

Figure 1.2: Primary production of energy from renewable sources on the EU-28 from
2004 to 2016 [7].

Energy from biogas production in Europe accounted for 16.1 million tons of oil
equivalent (Mtoe) in 2016 [9]. The European Commission has evaluated the biogas
production to be potentially folded at least 1.9 times by 2030 from that of 2016
[10]. Germany is the world leader in the deployment of biogas production with a
primary biogas energy output of nearly 8 Mtoe in 2016, The United Kingdom and
Italy produced approximatively 2 Mtoe followed by Czech Republic with 0.61 Mtoe.
France ranks 5 biogas energy producing country of the EU with 0.54 Mtoe in the

same year [11].

Collected biogas is predominately flared to transform the CH, fraction into CO,
thus reducing its global warming potential from 28 kg of CO5 eq to 1 kg of CO, eq
and in a minor degree it is directly burned to generate electricity with an efficiency
of 38% [12]. However, the presence of gases other than methane in biogas make
its transport and storage expensive and complicated, furthermore, the acid and/or
corrosive behavior of some of its impurities lower the possibility to compress the gas
while also adding technical difficulties due to possible corrosion and deposition in
the combustion engines. Moreover, the calorific value of a biogas mixture containing
between 60-65% is approximately 20-25 MJ m~3-biogas whilst the Lower Calorific
Value of methane (LCV) is 36 MJ m*-CH, (at STP conditions) [13]. It becomes
then evident that an upgrading process aiming to remove the undesired compounds

from biogas would be advantageous for many technological applications.

The treatment of biogas has two main steps:

17



Chapter 1. Introduction
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Figure 1.3: Evolution of biomethane production in Europe (GWh)

1. A cleaning process consisting in the removal of harmful and toxic impurities
that can damage the grid, appliances or end-users such as hydrogen sulfide,

siloxanes and volatile organic compounds (VOCs).

2. An upgrading process targeting the removal of carbon dioxide from biogas.

Results in the increase of the biogas energy content.

From this treatment, a highly purified methane stream is obtained (purity >98%)
known as renewable natural gas or biomethane. This gas can then be used as a
vehicle fuel or more commonly, be inserted in the natural gas grid. The global
demand of biomethane has rapidly increased in recent years (see Fig. 1.3) showing
an impressive 40% growth on 2016 resulting in the need for cheaper and more efficient

biogas treatment technologies [14].

In practice, the cleaning of biogas usually targets only the removal of hydrogen
sulphide formed during the digestion process with many biogas plants having re-
moval units based on a biological desulphurization method consisting in introducing
a volume of air (or pure oxygen) into the digestor to enhace the biolgical oxidation

of HyS into elemental sulfur by specialized sulphate oxidizing bacteria [15, 13].

There are several available techniques for carbon dioxide removal from biogas in-
cluding high pressure water scrubbing (HPWS) [16, 17], pressure swing adsorption
(PSA) [18, 19], chemical scrubbing with amines (AS) [20, 21], membrane separation
[22, 23] and biological upgrading [24, 25]. All of which show good performance for
mid-scale applications with similar operational and investment costs. Due to their
simplicity, water scrubbing techniques are the most wide spread option (see Fig.
1.4) [26]. On the other hand, chemical scrubbing has the advantage of giving higher
purity rates for the produced biomethane with a lower methane slip. Meanwhile,
membrane units are gaining terrain due to new studies that allow higher percent-

ages of methane recovery [27]. In comparison, physical adsorption based technolo-

18
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Biogas Upgrading Plants
= Water Scrubber

» Chemical Scrubber
Membrane

= PSA

= Organic physical

scrubber
Other + unknown

1
1

Figure 1.4: Development of biogas upgrading technologies on 2017. Data reported

= Cryogenic upgrading

for 11 main biomethane producing countries [29]

gies have the additional advantage of not using watter and/or chemical products,
therefore it does not produce any unwanted by-products, ease of regeneration, low
investment and operational costs, as well as facility to scale to different volumes of
biogas [28]

On Pressure Swing Adsorption the gas mixture enters in contact with a porous
material that selectively adsorbs carbon dioxide allowing to subtract the methane
stream from the system. To assure a high purity of methane several adsorption and
desorption cycles are carried out by pressure shifts. The adsorption of carbon dioxide
can be driven by kinetic or equilibrium factors. In the former case, a difference of
the diffusing rates of the gas components govern the separation in such manner that
the higher diffusing species are adsorbed. Equilibrium selectivity is based on the

strength of binding forces between the adsorbent and the gases [30].

The present work is dedicated to the study of activated carbons as kinetic-based
adsorbent materials for biogas upgrading. Activated carbons (ACs) are currently
seen as a suitable alternative for carbon dioxide separation and capture because of
their developed surface area and microporosity, inexpensive production, high COs

adsorption and low energy of regeneration [31].

There are several performance indicators of adsorbent materials that determine
their applicability for industrial applications. Amongst them, the most important
ones are adsorption capacity, selectivity and adsorption heat. The two first ones
determine how much a component of a gas mixture will be retain inside the porous
matrix while the adsorption heat is used as an indicator of how strongly the molecules

are adsorbed and thus of the energy needed for regenerating the adsorbent.

On this context, the present PhD thesis has two main objectives:

1. To establish the factors that influence the first two performance indicators:
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Adsorption capacity and selectivity.

2. Apply a chemical modification process to an activated carbon to improve its
adsorption properties for biogas upgrading based on the results obtained within

the framework of objective 1.

The manuscript, comprising 9 Chapters, is a compilation of published works
(Chapters 4-7) and a yet to be published one (Chapter 8):

e Chapter 2 of this work, present the methodology employed for measuring the

gas adsorption capacities and selectivities of activated carbons.

e Chapter 3 introduces the studied samples: five commercial and three biomass-
based activated carbons. As this chapter shows, the adsorbent were character-
ized by several analytical and spectroscopic methods including Boehm titra-

tion, temperature programmed desorption and scanning electronic microscopy.

e Chapter 4 presents a review on methane and carbon dioxide adsorption on
activated carbons. This bibliographic research shines light on the industrial
importance of activated carbons for gas adsorption. This type of materials
are currently being widely explore as a mean to store natural gas which would
allow an alternative vehicular fuel known as adsorbed natural gas (ANG). On
the other hand, the adsorption of carbon dioxide is important in the context
of capturing industrial flue gas, usually expelled at low partial pressures. The
main objective of this Chapter, is to show the importance of choosing an
activated carbon with adequate textural and chemical properties for obtaining
good adsorption performances for CH; and CO, adsorption. The presented
review was published in the form of a chapter in the book entitled ” Char and

Carbon Materials Derived from Biomass” edited by Elsevier Inc [32].

e Chapter 5 follows with the experimental study of the effect of textural prop-
erties (i.e. surface area and micropore volume) on the CH; and CO, pure
gas adsorption of activated carbons. The pure gas adsorption isotherms were
obtained for a set of five AC on an extend pressure range (0 to 3 MPa) at two
workinf temperatures (303 and 323 K). This work it can also be found as an

original research article on the Journal of Chemical Engineering Data [33].

e Once the effect of textural properties has been established, Chapter 6 aims to
explain these features develop during the activation process of a carbonaceous
precursor. The CH; and CO, adsorption isotherms (0-3 MPa and 303 K) were
obtained for three biomass-based (olive-stones) activated carbons synthesized
by different activation agents (HsPO,, HoO and C20). With this study, adds
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up to the literature searching to optimize the production of activated carbons
with appropriate porosity for adsorption of carbon dioxide and methane, the

results were published on Energies [34].

e The second performance indicator is studied on Chapter 7. The selectivity of
an adsorbent is a measurement of its preference to adsorb one gas over another
from a gas mixture. In the case of biogas upgrading, the ideal material would
be highly selective towards carbon dioxide adsorption over methane. For this
reason, the CHy/COy selectivity factor of the 5 commercial ACs from Chapter
5 is here reported. To this end the gas mixture adsorption up to 3 MPa was
experimentally measured at 303 K. The role of both textural and chemical
properties on the ACs separation capacity is also explored. This work has

been published on the Journal of Environmental Chemical Engineering [32].

e Chapter 8 covers the second objective of the thesis project. Base on the results
gathered on the previous Chapters, the surface chemistry of a commercial
activated carbon was modified to enhance its adsorption properties for biogas
upgrading. The sample was oxidized with HNOj and treated with ammonia
(NH;) for the insertion of nitrogen (N) containing surface groups. The CHy,
CO4 and CH4/CO, gas adsorption isotherms were obtained for the modified
AC (0-3 MPa, 303 K). The results show a reduced pure gas adsorption capacity

compensated by a remarkable increase of the selectivity of the adsorbent.

e The final Chapter gives a general outlook of the main results obtained on this

work and the conclusions draw from them.

The adsorption experiments here described were carried between August 2016
and June 2019 out at the Laboratoire des Fluides Complexes et Leurs Reservoirs
(LFC R) in collaboration with the Laboratoire de Thermique Energétique et Procédés
(LaTEP), both located at the Université de Pau et des Pays de I’Adour.
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Introduction Générale

La consommation mondiale d’énergie a triplé au cours des 50 dernieres années. Elle a
augmenté de 3701 a 13511 millions de tonnes équivalent pétrole (Mtep) sur la période
1965 a 2017 [1]. La majorité de I’énergie produite est issue des combustibles fossiles
(le pétrole, le gaz naturel et le charbon) qui représentent actuellement 85% de la con-
sommation totale d’énergie primaire. Comme 'indique la Figure 1.5, 'augmentation
de la demande énergétique ainsi que l'acceleration de 'industrialisation moderne sont
la cause d’une forte hausse des émissions de dioxyde de carbone dans I’atmosphere.
99% de ces emissions de CO2 proviendraient de la combustion des carburants fossiles
(voir Fig.1.5) [2, 3, 4].
a) b)
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Figure 1.5: Emissions globales de CO, dans la période 1959-2017: a) Emissions
liés aux combustibles fossiles et aux activités industrielles; b) Principales sources

d’émission de COs. Les données sont présentées en millions de tonnes de CO, par
ans (GtCO,) [3].

Il existe une corrélation directe entre les émissions cumulatives du dioxyde de
carbone et le changement de la température moyenne de la Terre [5]. Par conséquent,
des mesures ont été réalisées pour atténuer ce changement climatique au travers de
législations renforcées au niveau international. A titre d’exemple, I'objectif principal
de I’Accord de Paris signé en 2008, était de maintenir ’augmentation de température
nettement en dessous de 2 °C par rapport aux niveaux préindustriels. Pour y par-
venir, il faudrait arriver a zero émission de gaz a effet de serre avant I'année 2100.
Dans ce contexte, ’'Union Européenne (UE) s’est engagée a réduire ses émissions
de COy de 20% (par rapport aux niveaux de 1990) et a porter a 20 % la part des
énergies renouvelables dans la consommation d’énergie de 'UE [6]. Des données
préliminaires, publiées en 2019 indiquent qu’une réduction de 22% des émissions de
CO, et une hausse de la production d’énergies renouvelables de 85 a 17% a été
obtenue entre 2004 et 2016 (voire Fig. 1.6) [7].

La valorisation de déchets pour la production d’énergie est une des voies les plus
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prometteuses pour la production d’énergie renouvelable. La fermentation anaérobie
de la matiere organique produit un mélange gazeux nommé biogaz dont les sources
peuvent étre constituées de déchets agricoles, de déchets des fosses septiques, d’eau
résiduaire industrielle et de déchets organiques ménagers. La composition du biogaz
dépend de la source de la matiere organique (substrat) utilisé. Le biogas est con-
stitué principalement de méthane (CHy) et de dioxyde de carbone (CO;) avec des
compositions variant 44 & 60% et 24 a 40% respectivement. Il contient aussi des
impuretés comme 'azote (Nj), I'oxygene moléculaire (O2), le benzene (CgHg), le
tolueéne (C;Hg), le sulfure d’hydrogene (HoS) et des siloxanes (R2Si0, R= radical
organique) [8].

Share of renewable energy in gross final energy consumption, EU-28, 2004-2016
(%)

25
20.0

40 17.0 ©

15
10 8.5

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2020

—EU-28 @ Europe 2020 target

Source: Eurostat (online data code: t2020_31)
eurostatE

Figure 1.6: Production primaire d’energies renouvelables dans les 28 pays de I’'Union
Européenne (EU-28) entre 2004 et 2016 [7].

La quantité d’énergie obtenue par la production du biogaz en Europe était de 16,1
millions de tonnes équivalent pétrole (Mtep) en 2016 [9]. Par ailleurs, la Commission
Européenne a estimé une augmentation potentielle de la production d’énergie au
moyen du biogaz pour 2030 d’au moins 1,9 fois celle de 2016 [10]. L’Allemagne est
le leader mondial de la production de biogaz avec 8 Mtep produits en 2016. Elle est
suivie par le Royaume Uni et I'Italie avec une production cumulée de 2 Mtep. En
quatrieme et cinquieme position se situent la République Tcheque et la France avec
respectivement 0,61 et 0,54 Mtep [11].

Le biogaz collecté est majoritairement brilé pour transformer le contenu de
méthane en dioxyde de carbone, ce qui réduit son potentiel de réchauffement cli-
matique de 28 kg éq. COy a 1 kg éq. CO,. De facon moins systématique, il est
aussi brulé pour produire de I’énergie électrique avec un rendement énergétique de
38% [12]. Cependant, la présence de gaz autres que le méthane dans le biogaz
rend son transport et son stockage cotuteux et compliqué. En outre, il contient
des composés acides et/ou corrosifs qui compliquent sa compression et accroissent
les difficultés techniques dues aux risques d’abrasion et d’encrassement dans les

systemes de combustion. Par ailleurs, le pouvoir calorifique d’un mélange de biogaz
b
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Figure 1.7: Production d’énergie primaire a partir de biogaz en Europe (GWh)

contenant de 60 & 65% de méthane se situe entre 20 & 25 MJ m™3-biogaz tandis
que celui du méthane est de 36 MJ m 3-CH, dans les conditions de pression et
de température normales (TPN) [13]. Il y a donc plusieurs avantages a mettre en
ceuvre un procédé d’épuration/séparation orienté vers Iélimination des composés

indésirables du biogaz pour faciliter sa conversion énergétique.

L’épuration du biogaz produit un méthane hautement purifié (pureté >98%)
appelé gaz naturel renouvelable ou biométhane. Celui-ci peut donc étre inséré dans
le réseau de gaz naturel ou alternativement, utilisé comme carburant automobile.
La demande globale de biométhane a explosé au cours de la derniere décade (voir
Fig. 1.3) créant ainsi la nécessité de technologies nouvelles et performantes pour

I'épuration pour répondre a ce besoin énergétique [14].

Il existe plusieurs techniques disponibles sur le marché pour séparer le dioxyde
de carbone du biogaz notamment: le lavage a I’eau [15, 16, 17], 'adsorption par vari-
ation de pression [18, 19], le lavage aux amines [20, 21], la séparation membranaire
[22, 23], ou encore I'épuration biologique [24, 25]. L’ensemble de ces technologies
montre de bonnes performances pour les applications a moyenne échelle avec des
colits d’investissement et d’opération similaires. Cependant, parmi ces procédés de
traitement le lavage a ’eau est la méthode la plus utilisée (voire Fig. 1.8), tandis que
le lavage aux amines permet une meilleure purification du biométhane. En outre;
la séparation membranaire permet l'obtention de pourcentages de récupération tres
élevés [27]. Néanmoins, 'adsorption physique par variation de pression ou PSA
(Pressure Swing Adsorption) possede des avantages supplémentaires tels que la
non production de dérivés indésirables, pas d’utilisation d’eau ni de substances
chimiques, dépense énérgetique faible et enfin adaptation aisée de ce systeme pour
différents volumes de biogaz [28].

La méthode PSA consiste a séparer le dioxyde de carbone du biogaz en util-

isant son affinité chimique ainsi que ses proprietés physiques tels que son diametre
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Figure 1.8: Des principales techniques d’épuration de biogaz en 2017 [29].

cinétique et sa polarisabilité vis-a-vis d’un matériau solide poreux. Pour cela, le
mélange gazeux du biogaz est introduit sous pression (3 bar) dans un réacteur con-
tentant ’adsorbant, le CO5 est donc retenu dans la matrice poreuse alors que le
méthane traverse le réacteur pour étre évacué. Lorsque la pression diminue, le CO4
est libéré et 'adsorbat est régénéré, ce qui permet le démarrage d’'un nouveau cycle

d’adsorption/desorption [30].

Ce travail de these présente consiste a une analyse approfondie de ’application
des charbons actifs dans I’épuration du biogaz par adsorption, grace a I’étude d’indicateurs
de performance d’adsorption (capacité d’adsorption et sélectivité) en fonction des
propriétés texturales et chimiques. Les charbons actifs (CAs) sont caractérisés par
une grande surface spécifique, une hétérogénéité chimique et des propriétés struc-
turales adaptables (volume de micropores, distribution des tailles de pores). Ils ont
I'avantage de pouvoir étre fabriqués a partir de tout matériau contenant un fort
pourcentage de carbone et par conséquent un faible pourcentage en matiere inor-
ganique ce qui permet 'utilisation de déchets tels que les résidus agricoles comme
la noix de coco, la coque d’amande, 1’écorce de riz, les déchets forestiers tels que le
bois et le charbon de bois ou encore les sous-produits industriels et pétroliers [35].
Les CAs sont donc pergus comme des matériaux adsorbants tres prometteurs pour

la séparation méthane/dioxyde de carbone.

Ce manuscrit de these est structuré de la fagon suivante :

e le chapitre 2 introduit les dispositifs expérimentaux utilisés durant le développement
de ce travail de these ainsi que la méthodologie appliquée pour 'obtention des

isothermes d’adsorption.

e le chapitre 3 detaille la caractérisation physico-chimique des huit CAs étudiés
tout au long de ce travail. Cinq CAs sont des CAs commerciaux et trois autres

ont été obtenus par 'activation de noyaux d’olives.

e le chapitre 4 offre un apercgu des facteurs qui affectent 'adsorption et le stock-
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age du méthane ainsi que du dioxyde de carbone par des charbons actifs. Ce
chapitre a été publié sous la forme d’un chapitre de livre intitulé « Char and

Carbon Materials Derived from Biomass > de 1'éditeur Elsevier Inc. [32] ;

le chapitre 5 corrrespond a une étude expérimentale sur 'influence des pro-

priétés structurales des CAs, telles que 'aire superficielle et le volume microp-
oreux des CAs lors de I'adsorption du méthane et du dioxyde de carbone. Ce

chapitre a été publié dans le Journal of Chemical and Engineering Data [33] ;

le 6eme chapitre explore l'impact de la méthode d’activation sur les pro-
priétés chimiques et texturales des CAs et par conséquent sur leurs propriétés
d’adsorption. Il présente des résultats expérimentaux d’adsorption du CHy et
du COg purs par des charbons actifs non commerciaux (publié dans la revue
Energies)[34] ;

le chapitre 7 montre les isothermes d’adsorption obtenues pour un mélange
CH,4/CO4 50-50% par des charbons actifs commerciaux ce qui permet d’analyser
le comportement d’adsorption en présence de ces deux gaz (publié dans le

Journal of Environmental Chemical Engineering [?]) ;

le chapitre 8 expose des résultats préliminaires concernant la séparation d’un
mélange CH,/CO, a I’aide d'un charbon actif modifié par oxydation et traite-
ment a 'ammoniac (NHj). L’optention des isothermes d’adsorption des gaz
purs ainsi que ceux d'un mélange équimolaire CH,/COs indiquent une aug-
mentation de 'affinité entre le dioxyde de carbone et le CA modifié et donc
I’accroissement de la sélectivité. Cet intéressant résultat, en premiere approx-
imation, peut étre corrélé avec 'insertion de groupes basiques a la surface du
CA modifié.

pour conclure, le chapitre 8 récapitule les principaux résultats et conclusions

obtenus.

Cette these expérimentale a eu pour cadre le groupe Interfaces Systemes Dis-

persés du Laboratoire des Fluides Complexes et leurs Réservoirs (LFCR, UMR5150),
en collaboration avec le Laboratoire de Thermique, Energétique et Procédés (LaTEP)
de I'Université de Pau et des Pays de I’Adour (UPPA). Le LEFCR est une unité mixte

de recherche (CNRS, Total) dont la majeure partie des activités est centré autour

de I'étude des propriétés des énergies fossiles et renouvelables. Le LaTEP développe

des activités de recherche axées sur les procédés pour I’environnement et notamment

le traitement des gaz ainsi que sur le stockage et la distribution de I’énergie. Cette

étude sur la purification des biogaz s’integre dans ces thématiques.
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Figure 2.1: Schematization of the gravimetric method for the volume calibration of

the adsorption devices.

The gas adsorption behaviour of activated carbons was characterized by means of
the adsorption isotherms, they relate the adsorbed amount of gas (n®) by a mass of
solid (m?®) and the equilibrium pressure (p) at constant temperature (7") as expressed

by equation 5.5,

n®/m® = f(p)r (2.1)

On this work, the adsorption isotherms were obtained by gas adsorption manom-
etry, a method based on the measurement of the gas pressure in a known, constant
volume at an specific temperature. This technique is one of the most widely thanks
to its simplicity and efficacy, all the information needed for the adsorption isotherm
is obtained from the pressure transducer. In a general way, it consists on recording
the temperature and pressure of each gas dose, afterwards the gas is allowed to
enter in contact with the adsorbent. Once equilibrium is established, the change in

pressure is used to calculate the amount adsorbed.

As sections 2.1 and 2.2 of the present Chapter will discuss, different home —made
experimental devices are employed for measuring the adsorption isotherms of pure

gases and of gas mixtures. However, in both cases, two preliminary steps are needed

[1]:

1. Determination of the volume of the empty system.

2. Assessment of the effective volume occupied by the adsorbent.

The evaluation of the system volume is obtained after the design and assembling

of each of the adsorption devices. On this work, a gravimetric calibration method
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was chosen, Figure 2.1 shows the schematization of the system used for the volume
calibration while 2.2 shows a photo of the experimental installation. The main com-
ponents of the adsorption device are a reference or dosing cell (Vg,s), an adsorption
cell (V,ds) (top industries, 21 cm?®) and a pressure transducer (MKS model 121 A,
pm 0.01 % on the full pressure range from 0 to 3.3 MPa) connected to Vj,s. For the
volume calibration an helium (He) gas bottle is placed on a precision balance (met-
tler toledo, 40,0001 g) and a gas dose is introduced in the dosing volume so that the
amount of gas can be calculated from the bottle mass difference. The experiments
were carried out on a temperature-controlled room to ensure isothermal conditions
during the measurement. The volume of the dosing cell can then be calculated by

equation 2.2,

V;ios = : (22)
Where:

e Am is the difference in the mass of the bottle (g)
e MM is the molar mass of helium (mol g~ ')

® Uy, is the molar density of helium at the T and P conditions (mol cm™2) taken

from the online data of the National Institute od Standards and Technology

2].

The gas was then expanded into the adsorption cell V, 45 by opening the valve
between Vy,s and V45, the total volume of the system (V) can be calculated with
the molar density of the gas at the pressure after expansion (vy;,) as expressed by

equation 2.3,
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Vigp = 28 (2.3)

The volume of the adsorption cell is obtained by the difference of the total volume

and the dosing volume (equation 2.4).

V(Lds - ‘/;ot - ‘/;los (24)

In order to ensure a correct calculation of the volume of the system, an out-
gassing process consisting of applying vacuum conditions for 1 h was carried out
before each measurement. The volume calculation was repeated 7 times for each
adsorption device and the final value was expressed as the average value. In addition,
3 tests using carbon dioxide C'O, instead of Helium were done for each system to

confirm the results.

The second preliminary steps consists in the determination of the volume occu-
pied by the adsorbent inside the adsorption cell so that the remaining dead — space
volume can be assessed. This step has to be carried out every time a new adsorbent

sample is places in the adsorption cell.

The methodology starts by introducing a known mass of the adsorbent, typi-
cally 1 g, inside the adsorption cell. A heating wire controlled by a PID regulator
(Eurotherm 3208) is placed uniformly around the system and its totality is covered
in a temperature isolation foam (see Fig. 2.3). In addition, two thermocouples are
placed (red wires on 2.3 ), one on Vs and the other on V4 to monitor the absence

of temperature gradients.

The preparation of the sample for the adsorption experiments requires to exit any
fluid particles contained in the system, this is achieved by applying vacuum (1072
Pa) and temperature (100 °C) for 8 h. Afterwards, successive expansions of helium
from the dosing cell into the adsorption cell are carried out at the temperature of the
adsorption experiments: an helium gas dose is introduces in Vs, once equilibrium
conditions are reached (depicted by pressure stabilization), the pressure is recorded
and the valve connecting the two cells is opened, a new equilibrium is reached and
the valve is closed. The dead — space volume (V;5) on the adosption cell at the first

step is calculated by equation 2.5.

Where:
e Py, is the pressure at the dosing step (MPa)
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Figure 2.3: Heating system for isothermal conditions of the pure gas adsorption

device.

e Py, is the pressure after expansion (MPa)

Consecutive doses of helium are inserted in the dosing cell and expanded in the
adsorption cell. The Vg, for an ¢ step is calculated by equation 2.6.
chos - P}m ) (20)

V;iis = VdOS( ; 1—1
P}’in - P;‘m

The dead — space for a mass of a particular adsorbent is obtained by the average
of six consecutive measurements and it can never be bigger than V,4 obtained
from the gravimetric volume calculation. The helium contained in the system is
extracted by vacuum conditions for 2 h, after-what the procedure for obtaining the

gas adsorption isotherms can be carried out.

2.1 Pure Gas Adsorption

Figure 2.4 is an schematic representation of the designed pure gas adsorption device.
To obtain a pure gas isotherm, a first dose of gas is loaded in the dosing cell (V) at a
known temperature, once the pressure has stabilized the volume of gas is expanded
to the adsorption cell V,45. The amount adsorbed can be calculated by a mass
balance after the adsorption equilibrium is reached (constant pressure) [3]. The

number of adsorbed moles (n},,) on this step is calculated by equation 2.7
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Pressure gauge

Gas Supply

CH,

Figure 2.4: Schematization of the home — made pure gas adsorption devide

‘/:ios . ‘/;ios + V;Lds
VO(T7p0) Vl(T7p1)

ads(T pl) (27)
Where:

e 1" is the working temperature

Do is the dosing pressure

vy is the gas molar volume at 1" and pg

P is the pressure after adsorption

Vg is the gas molar volume at T" and p;

The successive points of the isotherm are obtained by an accumulative process,
valve V2 is closed and a new dose of gas inserted in Vs followed by its pressure
equilibration and expansion in to V4. The procedure is repeated up to a maxi-
mum pressure of 3.3 MPa (max. tolerance manometer) at intervals of ~ 0.5 MPa.

Equation 2.8 is used for the amount adsorbed at a given step .

Vok—2 Vit

Noas(T.p1) = Vdos(z

k=1

_ Z - 1) Vaas (2.8)

2.2 Gas Mixture Adsorption

For the study of co-adsorption of gas mixtures, a manometric device coupled with
a gas chromatograph (Agilent 7890 A) was developed (see Fig. 2.5). This system
was conceived to be cyclic so that the recirculation pump (GK-M 24/02, max. flow:

2.81 L min™') ensures an homogenecous composition of the gas phase throughout the
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Figure 2.5: Schematization of home — made gas mixture adsorption device.

system during the adsorption process [4]. The system volume was calculated by the

gravimetric calibration method.

In a consistent way to the pure gas adsorption analysis, the sample was placed
inside the adsorption cell (V4) and out-gassed (vacuum at 100° for 8 h) and the

dead sapce volume was calculated by helium expansions.

The equimolar CH;/CO4 gas mixture is expanded from the dosing volume Vs
to the adsorption cell V4, via a step-by-step method. Upon equilibration of the
pressure during the adsorption process, the adsorption volume is isolated by closs-
ing valves V3 and V4 and a discrete quantity of gas is extracted through V2 and
analyzed by gas chromatography. The total amount of gas adsorbed at each step is
calculated by equation 7.3,

total __ __total total
Nads = Ngos — Ty (29)
where nfo is the total number of adsorbed gas moles, nfe% is the number of

total

s " is the number of gas moles remaining

moles introduced in the dosing system and n

in the gas phase after adsorption.

The contribution of each gas to the adsorbed amount is expressed by equation
7.4,

total __ _CHy COo (210)

Nads = Mads — Mads

and their contribution to the number of moles in the gas phase after adsorbtion

by equation and 7.5 |
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total __ TTCH4 _ nCOQ (211)

Tlg g g

The mole fraction of the first component in the gas phase (y;), and in the ad-
sorbed phase (x1) can be obtained from the gas chromatogram as expressed by
equations 7.10 and 2.13,

nC‘H4

g
= —" 2.12
n ng)[ﬂ + ngOZ ( )
CHy
n ds
TN =~ Cos “ rela) (2.13)
nads4 + nad52

in such a way that the sum of the mole fractions of both components in each

phase is equal to the unity (eq. 2.14 and eq. 2.15),

y1+ys =1 (2.14)

For the first gas of dose, the amount adsorbed of each component can be calcu-

lated by the following equation,

T ntotal -2 (216)

Nads ads

In the step-by-step scheme, the gas is evacuated from the dosing volume after
each adsorption step and a new dose of the original equimolar mixture is introduced.

The adsorbed amount of each gas at step ¢ is given by equation 2.17,

1 o total 1 total 1 total
Nads,i = (0.5 ngog” +y;y 'ng,i—l) —Y; Ny, (2.17)

The adsorbent selectivity can then be calculated as a function of pressure as

expressed by 2.18

Selectivity = (2.18)

(=)
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Chapter 3. Samples Characterization

3.1 Chapter Outline

The CH, and CO4 pure gas adsorption as well as the equimolar CH;/CO, mixture
adsorption were studied on a set of commercial activated carbons (Chapters 5 and
7 respectively). This comprehensive analysis of the gas adsorption process is highly
useful for understanding the effect of both textural and chemical properties on the
maximum adsorption capacity of pure gases and on the separation selectivity of
the adsorbents. To this end, the samples were fully characterized by a variety of

analytical techniques.

Furthermore, the pure gas adsorption isotherms were obtained on three non-
commercial activated carbons from olive stones synthesized by different activation
techniques (Chapter 6): physical activation with CO5 and H,O and chemical activa-
tion with HNOj3. The results shine light on the importance of the activation method

of activated carbons for adsorption purposes.

The present Chapter summarizes the chemical and textural properties obtained

for all the adsorbent materials used throughout this work.

Commercial Activated Carbons

Five commercial activated carbons provided by Cabot Corporation (USA) are stud-
ied on this work. Activated carbons CNR-115 and CGran were produced by chemical
activation using phosphoric acid (H3PO,) as the activation agent, the remaining ad-
sorbents (GAC 1240, RX 1.5 and Rox 0.8) were obtained by physical activation with

steam.

The morphology and composition of the materials were examined by scanning
electron microscopy (SEM) using a FEI model Quanta 400 equipped with and energy
dispersive spectrometer (EDX).

The SEM pictures shown in Figure 3.1, indicate a granular morphology for CNR-
115, RX 1.5 and Rox 0.8, and a pallet-like morphology for the other two. Differences
in the particle size are depicted, with the largest ones been found for CNR-~115 and
RX 1.5. At 100 pm magnification a rough porous surface is observed for all of
the samples. Furthermore, the presence of big channels is discerned on CGran.
These differences can be attributed to variations on the activation method (e.g.

temperature, activation time, precursor material and pressure).

A clear contrast between the physically and the chemically activated samples is
observed on the chemical composition extracted by EDX spectroscopy (Table 3.1).

The carbon percentage of CNR-115 and CGran is &~ 10% lower than the one found
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100:0 pm

Figure 3.1: SEM images of commercial activated carbons: a) CNR-115, b) RX 1.5,
¢) CGran, d) Rox 0.8, ) GAC 1240 at two magnifications (>1.0 mm and 100 pum)

Table 3.1: Chemical composition of commercial activated carbons (atomic % of

elements) obtained by EDX spectroscopy
Element CNR-115 CGran Rox 0.8 RX 15 GAC 1240

C 84 81.2 94.6 93.3 91.4
O 14 15.6 4.1 6.0 6.6
P 0.53 2.6 X

Na 0.54 0.6 0.3

S X 0.5 0.3 0.6
Si X 0.2 0.5 06
Al X X X X 0.5
Cl X X X X 0.3
Ca X X X X

F 0.9 X b X

on the other samples, in fact chemical activation with H3PO, results in an increase

of the sample’s oxygen and phosphorous content.

To evaluate the structure of the activated carbons, X-ray power diffraction
(XRD) was also performed using a D8 ADVANCE A25-Bruker instrument. Fig-
ure 3.2 shows the diaffactogram of the samples. The presence of broad peaks on the
samples indicates highly disordered materials with low graphitization. The peaks
at 24, 44 and 80 ° correspond to the (002), (100) and (110) diffraction planes of
graphite. The remaining small peaks are related to crystalline impurities such as
Si0; tridymite on Rox 0.8 and SiO, quartz on GAC 1240.

43



Chapter 3. Samples Characterization
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Figure 3.2: XRD patterns of commercial activated carbons

The temperature programmed desorption (TPD) analysis was carried out using a

home-made apparatus coupled with an INFINCON Transpector mass spectrometer.

The presence of an important amount of oxygen containing surface functionalities
on CGran and CNR-115 is depicted on the CO5 and CO desorption profiles (Fig.
3.3). The peresence of carboxylic and lactones (desorbed at 673 K) is observed on

both ACs CO, desorption profiles whilst carbonates (1100 K) are perceived only on
CNR-115. On the other hand, the CO desorption peaks at 900 K and 1100 indicate

the presence of phenols and quinones respectively.
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Figure 3.3: CO4 and CO temperature programmed desorption profiles of commercial

activated carbons

The integration of the desorption profiles gives the total desorbed quantity dis-

played on Figure 3.4. The presence of acidic oxygen containing functionalities (des-
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orption on COy) is revealed to be lower than that of basic groups (desorption of
CO) on the five adsorbents.

[
w
I

58]
I

—
T

<
wn
I

Desorbed Quantities (mol g'l)
[

is:eco m\[
GAC 1240 CNR-115 ROx 0.8
Sample

0 ml:

RX 15 CGran

Figure 3.4: Total CO, and CO TPD desorbed quantities (mol g=!) of commercial

activated carbons

The analysis of the surface chemistry of AC continues with the calculation of their
pH at the point of zero charge (pHpzc), that is the point at which the negative and
positive charges of the surface of the material cancel each other. The methodology
roughly consists on mixing 0.1 g of CA in 5 solutions of different pH (2<pH <10)
for 72 h under stirring conditions. After this time, the solutions were centrifuged
and filtrated and their final pH measured with a Denever Intrument 215 pH meter.
Similar pH values are obtained for all the solutions prepared with the same activated
carbon, this value correspond to the pHpzc. Once an estimated value was obtained,
the same protocol was followed preparing 3 solutions with an initial pH value in the

vicinities of the final values of the first set for each AC.

An indirect titration method was followed to determine the quantities of basic
and acid oxygen containing functionalities. Samples of 0.2 g was put in contact with
50 mL of NaOH 0.1 N and HCI 0.1 for the quantification of acid and basic groups
respectively. The solutions were kept under agitation for 72 h, centrifuged and
filtrated. Three aliquots of 10 mL were taken from the fluid phase and each one was
titrated with NayCO3 0.1 N. For the indirect measurement of acid functionalities,
10 mL of HCI (0.1 N) were added to the filtrate aliquots prior to titration. The
amount of surface group is obtained from the inflection point of the titration curve

and as the average of 3 measurements.

Table 3.2 summarize the results for the pHpzo and the basic and acid surface
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oxygen functionalities. The chemical activated samples show an acid pHpzc, with
an important presence of acid surface groups such as carboxylic acids, phenols and
lactones. Steam activation proves to give higher pHpzc values indicating the pres-

ence of carbonyles and ethers, this translates in higher exhibit amounts of basic

groups.
Table 3.2: Acid-Basic character of commercial activated carbons
Sample DH e Total Total
Acid (mmol g') Basic (mmol g ')

RX 1.5 9.75 4+ 0.05 0.18 + 0.01 0.73 + 0.04
CGRAN 3.86 £ 0.02 1.74 + 0.05 0.01 4+ 0.01
GAC 1240 8.13 +0.04 0.18 + 0.01 0.49 £+ 0.02
CNR-115  6.14 + 0.03 0.49 4+ 0.02 0.61 £+ 0.03
ROx 0.8 8.74 £ 0.04 0.21 £ 0.01 0.61 = 0.03

The textural properties of adsorbent materials are the most defining factor of
their adsorption behaviour. For this reason, the nitrogen (Ny) adsorption isotherms
(77 K) were acquire using a Micrometrics ASAP 2000 automatic apparatus (see Fig.
3.5). The BET (Brunauer-Emmet-Teller) surface area Sgpr and total pore volume
Vet (cm® g=!) were obtained from the linear section of the adsorption isotherm
(P/P¢=0.01-0.05) and the amount of adsorbed Ny at P/P,=0.95 respectively. The
micropore volume V0 Was calculated using the Dubinin-Radushkevich equation
(10~* <P/Py < 1072). The mesopore volume V., was calculated as the difference

between total and micropore volume.
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Figure 3.5: a) Nitrogen adsorption isotherms at 77 K and b) NLDFT pore size
distribution of commercial activated carbons.

Non liquid density functional theory with a carbon slit pores model was used to
reproduce the adsorption isotherm and obtain the pore size distribution (PSD) and

thus, the average pore size (LO).

The five ACs are mainly microporous (see Fig. 3.5 and Table 3.3) with a signif-

icant presence of mesopores on sample CGran. The samples display an important
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range of surface areas: from 982 m? g=! of GAC 1240 to 1714 m? g~! of CNR-115.

Table 3.3: Textural Characterization of Activated Carbons

Sample SBET Vmic*ror Vineso (cm? Vot Lo
(m*g™") (cm?®g™) g ") (em® g7')  (nm)

RX 1.5 1683 0.61 0.20 0.81 0.93
CGran 1378 0.45 0.54 0.99 1.00
GAC 1240 982 0.36 0.20 0.56 0.76
CNR-115 1714 0.64 0.31 0.95 1.10
Rox 0.8 1323 0.48 0.16 0.64 0.84

The broad span of textural and chemical properties of the set of commercial
carbons will be highly beneficial to draw conclusion on their possible effect on the
adsorption of methane, carbon dioxide and their mixtures as presented on Chapters
5 and 7.

3.2 Biomass-Based Activated Carbons

The adsorption of carbon dioxide and methane by biomass-based activated carbons
is studied on Chapter 6. The adsorbents were synthesized at the Material Science
Institute of the University of Mulhouse. To this end, olive stones underwent a
carbonization process (873 K for 60 min) followed by activation with H3PO, (AC-
H3PO,), H,O (AC-H50) or CO5 (AC-CO,), a detailed description of the preparation
methods can be found on Chapter 6.

Table 3.4 displays the textural properties of the biomass-based ACs, they were

obtained following the methodology earlier described for the commercial activated

carbons.
Table 3.4: Textural Properties of Carbon Materials.
SSA V,,L VTOT Vmeso
Sample B B ~ -
(m®>g™!)  (em’g™') (em’g™) (em’g)

AC-H3POy4 1178 0.45 0.49 0.04
AC-CO, 57 0.30 0.32 0.02

AC-H,O 754 0.28 0.58 0.30

Chemical activation with phosphoric acid results in an increased quantity of

micropores as well as higher surface area. In regards of physical activation, similar
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Figure 3.6: TPD desorption profiles of CO2 (a); and CO (b) of biomass-based

activated carbons.

microporosity and surface arca are found for the steam and the carbon dioxide
activated carbons, however a higher gasification of steam activated carbon results

in an important formation of mesopores.

Furthermore, a comparison between tables 3.3 and 3.4 shows overall less devel-
oped textural characteristics of the non-commercial adsorbents, however, as it will
be later discussed, activated carbons obtained from biomass wastes have several

economical and environmental advantages.

The CO and CO, temperature programmed desorption profiles and total em-
mited quantities of the three samples are shown on Fig. 3.6 and Table 6.2.

The CO4 desorption shows the presence of carboxylic groups (/= 400 °C) on all
of the samples, lactones (= 520 °C) on AC-CO, and anhydride groups (Temp. >600
°C) on both AC-H3PO, and AC-H,O.

The wide CO decomposition peak of AC-HsPO4 can be attributed to phenol,
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carbonyl and quinone groups. In contrast the CO peak of the steam activated carbon
comes from phenol decomposition, whilst the one found for AC-CO, indicates the

presence of quinone surface groups.

The adsorbents showed a higher cumulated desorbed amount of basic oxygen-
containing surface functionalities (COy desorption) than acid ones (CO desorption)
(Fig. 3.5).

Table 3.5: Cumulated Amounts of the Emmited CO and COy During the TPD-MS
Analysis of Carbon Materials.

Sample CO (mmol g7!) CO, (mmol g™')

AC-H3;POy4 3.43 0.72
AC-COq 1.06 0.38
AC-H,0 1.25 0.39
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Chapter 4. A review on the CH; and CO5 Adsorption by Carbonaceous Materials

4.1 Chapter Outline

Activated carbons are highly porous materials produced from a carbon-rich precur-
sors by a chemical or physical activation process. They have appreciable surface
area ranging from 5 m? g=! to well above 2000 m? g~! that have made them the

most widely used of all-purpose industrial adsorbent.

The present chapter, expressed in the form of a bibliographic review, explores the
application of carbonaceous materials and in particular activated carbons for carbon
dioxide and methane adsorption and storage. The importance of the precursor
material, the activation method and the textural properties of the adsorbent material

for gas adsorption applications is here highlighted.

4.2 Introduction

Gases play an important role in our daily life. They are usually found in the form
of gas mixtures with the one most known being atmospheric air which is constitute
of approximate volumes of 78.08% nitrogen (Ny), 20.95% oxygen (O3), 0.93% argon
(Ar), 0.03% carbon dioxide (CO3) and traces of methane CHy, helium (He), neon
(Ne), krypton (Kr), xenon (Xe) and ozone (O3z) [1]. Amongst them, CO,, CHy
and nitrogen oxides (NO,) are a product of incomplete burning of fossil fuels (coal,
oil, diesel, natural gas) and are the major contributors of global warming (GW) as
they are emitted in higher amounts than other greenhouse gases (GHG) such as
hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and hexafluorocarbon (FgC).
As it can be seen in Figure 4.1, the atmospheric concentrations of these three gases
have dramatically increases since the pre-indusrtial years (~1850) thus the reduction
of its emissions has become a main target arising a need for new technologies for

the selective adsorption and storage of this pollutants [2].
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Figure 4.1: Observed changes in atmospheric greenhouse gas concentrations between
the years 1750 to 2011. Atmospheric concentrations of carbon dioxide (CO,, green),
methane (CHy, orange) and nitrous oxide (N2O, red). Data from ice cores (symbols)
and direct atmospheric measurements (lines) are overlaid. Source: Intergovernmen-
tal Panel of Climate Change 2014 [2]

Carbon dioxide is a product of many industrial processes with the fossil fuel
power plants being the most important emitters (40% of the total CO,). In order to
reduce its emission the solutions include increasing the efficiency of the power plants,
demand side conservation and a change towards nuclear and renewable energies, as
well as the implementation of carbon capture and storage (CCS) systems [3]. CCS
can be used as a strategy to reduce not only the power plants emission but it can
also be employed in many industrial sectors such as the petrochemical industry, iron

and steel refineries and cement production.

There are many separation technologies available for the separation and storage
of COs: amine scrubbing, water scrubbing, membranes separation, cryogenic sepa-
ration, biological and physical adsorption. Most of the commercial CCS use amine
or water scrubbing but it has important drawbacks such as production of undesir-
able bi-products, high energy regeneration, high corrosion and low cost efficiency.
On this context, physical adsorption has the advantages of having low energy re-
quirements, cost advantage, no use of water or additional chemicals and being easy

to scale to a wide range or temperatures and pressures [4].

For the case of methane, the principal anthropogenic sources are thought to

be the production of livestock, natural gas production and distribution, emissions
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from landfills and the mining of coal [3]. Due to methane’s low volumetric energy
density, the store of this gas for its use as a clean energy source involves the use
of high pressures to obtain compressed natural gas (CNG) and low temperatures,
down to 120 K, for liquefied natural gas (LNG). This methods have a very high
energy output as well as various security issues that limits its use. The storage of
methane by adsorption in a solid material, known as adsorbed natural gas (ANG)
presents advantages over LNG and CNG in terms of energy efficiency and safety. An
ANG storage system would have the ability of storing great quantities of methane
in small volumes under atmospheric conditions. To compete with other fuels (and
other methane storage forms), the department of energy (DOE) of the U.S. has
stablished a CH, storage capacity of 180 v/v (volume of gas adsorbed at standard
temperature and pressure: 298 K, 0.1 MPa per volume of the storage vessel) [5], [6].

The development of porous adsorbent materials compatible with the adsorption
of gases such as CH4 and CO5 has become then a target issue for researches, with
the goals of finding cheap and eco-friendly precursor materials and stablishing the
synthesis procedures that will produce better yielding and the required properties
of the material. There are a variety of porous materials used for the adsorption
of gases such as zeolites [7, 8, 9], carbon nanotubes [10, 11], metal organic frame-
works (MOFs) [12, 13, 14] and activated carbons [15, 16][17]. Among this materials,
activated carbons are the most widely used in the industry, thanks to the ease of
synthesis as well as the possibility of pore tailoring and chemical functionalization
of the material. In addition, activated carbons can be produced from biomass as
the carbon source which they advantages of low cost, high availability, valorization

of agricultural wastes and development of high specific surface area adsorbent [18].

On this chapter the use of activated carbons for the adsorption of key gases with
a focus on biomass-derived activated carbons is discussed. The effect of the textural
(like surface area and pore volume) and chemical properties (surface groups) upon

the adsorption behavior of the adsorbent is evaluated.

4.3 Methane Storage

Methane (CHy) accounts for about 10% of the total greenhouse gases emissions.
Over 60% of total CH4 is generated by human activities such as energy production
and, organic waste and the raising of livestock while the other 40% is emitted by
natural sources like natural wetlands [19, 20]. As part of the global efforts to mitigate
its environmental impact methane is being studied for use as a clean energy in the
way of natural gas and biomethane. Natural gas is considered an alternative fuel

because of its environmental benefits, its combustion is relatively cleaner than that
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of other fossil fuels. Natural gas use results in the production and emission of less
pollutants, 29% less carbon dioxide per joule delivered than oil and 44% less than
coal [21]. As a vehicle fuel it emits 15 to 20 percent less heat-trapping gases than
gasoline. The main component of natural gas is methane (approximately 90% and
higher in most cases, it also contains a small portion of heavier hydrocarbons such as
ethane (CyHg), propane (C3Hg) and butane (C4Hyg). On the other hand, biogas is
the product of the anaerobic fermentation of organic matter which main constitutes
are CHy (50-75%) and COgq (25-45%) (see table 4.1). Biogas can be directly burned
to generate electricity in a combined heat and power plant (CHP) or alternatively
it can be purified to produce biomethane (96% CH,) [18].

Table 4.1: Composition of natural gas and biogas in volume percentage

Compound Natural Gas Biogas
Methane (CHy) 88.1 % 50-75 %
Carbon dioxide (CO») 0.8 % 25-45%
Ethane (CyHy) 4.2 % *
Hydrogen (H,) * 0-2 %
Hydrogen sulfide (H,) * 0-1 %

* None detected

The utilization of biomethane as an alternative energy source also presents a
variety of environmental benefits that include a decrease of greenhouse gas emissions,
cheap organic waste recycling and the formation of nitrogen rich products that can
be use as fertilizers. In addition, the similar properties of biomethane and methane
make it possible for biomethane to replace or be added to natural gas to be used as a
vehicular fuel. However, despite the benefits of using methane-rich fuels, their use is
limited due to transportation and storage uses. At normal temperature and pressure
methane is in the gaseous state which results on a volumetric energy density of only

0.12% of that of gasoline. Table 4.3 shows the physical properties of methane.

Table 4.2: Physical Properties of methane.[22]

Molar mass Boiling Temperature® Pressure® Density*
(g mol™1) point (K) (K) (MPa) (g cm?)
16.043 111.65 190.90 4.64 0.16

Currently, CH4 storage methods are performed by means of compressed natural
gas (CNG) or liquefied natural gas (LNG). These methods involve high cost processes

(cryogenics and compression), special storage tanks and they also present risks to
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safety due to the use of high pressure and/or the refueling of cryogenic liquids that
complicate their use in the vehicle sector. A promising alternative that will reduce
the costs and safety risks, consists in the storage of natural gas (or biomethane)
at low pressure and normal temperature in the adsorbed form (ANG — adsorbed
natural gas). According to the US Department of Energy (DOE), in order for the
ANG technology to be commercially used a target CH4 storage capacity of 180
v/v at 35 MPa (volume of gas at standard pressure and temperature conditions
per volume of the storage vessel) was stablished [23]. In this context, the search
of adsorbent materials that can meet the DOE standards has become a hotspot
of research. The established value of 180 v/v corresponds to the energy density of
CNG at a pressure of 16.3 MPa (Table 3). This value is considered a reference target
when searching for new adsorbents, however, the U.S. department of Energy under
the program “Methane Opportunities for Vehicular Energy (MOVE)” demands an
energy density for the ANG systems equivalent to CNG under 25 MPa (266 v/v)
[24].

Table 4.3: Energy Densities of Methane and Conventional Fluids (1 L of CH;=0.0345
MJ) [25].

Pressure (MPa) Volumetric storage Energy density
capacity (v/v) at STP (MJ/L)

CNG (15 Mpa) 168 5.80
CNG (20 Mpa) 222 7.68
CNG (25 Mpa) 266 9.2

LNG (110 K and 0.1 MPa) 600 22.2
Gasoline * 34.2

Diesel *k 37.3

* Required density of methane in a CNG tank to make it equivalent to gasoline
** Required density of methane in a CNG to make it equivalent to diesel: 1.0785 g

cm ™3

It is of general consensus that an efficient adsorbent for the storage of methane
must have a high specific surface area (from 1000 m? g~! up to 3000 m? g=1), with
a pore size distribution that ranges around 1.0 to 2.0 nm with a micropore volume
of at least 85% of total pore volume [26]. Different class of porous materials have
been studied aiming to reach the DOE target including activated carbons, ordered
carbonaceous materials, zeolites and MOFs. Among all the available adsorbent
materials, activated carbons present advantages that make them suitable materials
for gas storage such as high surface area, large pore volume and light weight. In
particular, for the methane storage process they have the benefits of not being

sensitive to humid conditions, they tend to have reasonable prices as well as good
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Figure 4.2: Potential energy, u(z), for a spherical methane Lennard-Jones (LJ) site
interacting with walls of a slit pore of width H = 1.2 nm in terms of the distance
z ( distance between the center of the methane molecule and the center of a wall

carbon atom) [25]

adsorption properties at atmospheric pressure. The adsorption capacity of activated
carbons (ACs) is highly related to the textural properties. They present a wide
range of pore sizes that go from the micropore to macropore region and a surface
area between 400 and 3000 m? g !. Furthermore, their textural properties can
be controlled by various activation factors. The CH4 molecule is symmetrical and
therefore it does not present a dipole or quadripole. It is difficult then, to increase
the storage capacity of the adsorbent by surface modification. However, the gas
storage capacity of ACs can be enhanced by controlling the pore structures. For
the methane adsorption it has been found that the presence of high microporosity
with no macropore volume is optimal since the size of the methane molecules are
equivalent to the size of micropore. An average pore volume of at least 0.8 nm
(diameter greater than two molecules of methane) is wished [27, 28]. In fact since
the interaction of the methane molecules with activated carbons is governed by van
der Waals interactions, the attractive force of the pore walls of the adsorbent are
a function of the distance z between the center of the methane molecule and the
center of a carbon atom on the pore wall, this interaction can be described by the

Lennard-Jones potential (Fig. 4.2).

The attraction force becomes stronger when z is equivalent to one methane
molecular diameter (0.36 nm), at longer distances the attraction energy becomes
too week and thus the formation of a second adsorbed layer is impeded, the rest
of the methane molecules will filled the empty pore space with a low gas-like den-
sity. A linear relationship between the micropore volume (up to 1.6 cm® g=!) and

the methane adsorption capacity of different activated carbons at 35 bars and 298
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Figure 4.3: Relationship of the methane adsorption capacity at 35 bar and 298
K with the micropore volume for a series of activated carbons calculated by Ny

adsorption isotherms [29].

K Fig. 4.3) could be established. However, a large portion of pores that have an
optimal size of around 0.8 nm plays a major role in the adsorption of methane [29].
Furthermore, it has been reported that the presence of pores larger than 0.8 nm is
needed in order to facilitate the access and adsorption of the gas molecules. For
example, Garcia-Blanco et al. [30] showed that the Maxorb activated carbon, with
a surface area of 3090 m? g=! and a pore size distribution from pores between 0.5
and 3 nm showed a micropore filling of only 59% when adsorbing methane at 298
K and 3500 kPa. However, even if the micropore filling was low, the narrow micro-
pore (<0.8 nm) filling is total, indicating that methane is not only adsorbed in the
narrow micropores but also of pores of larger size. This need of larger pores for the
methane adsorption was also evidenced by Casco et al. [14] when comparing a set
of activated carbons with different pore volumes (Fig .4.4) . Samples with pure mi-
cropororous network (F400 and Maxsorb) showed a maximum adsorption capacity
at moderate working pressures (6 — 8 MPa), by contrary, samples that combine mi-
cropores with mesopores (pore size <2 nm ) such as the activated carbons RGC30,
LMAT738, LMA405 and LMA726, there was a continuous increase of the adsorbed
quantity. Furthermore, they found that the correct design of activated carbons can
result in materials that meet both the DOE and DOE MOVE requirements set by

the U.S. department of energy.

As it was previously mentioned, the feasibility of using ANG instead of CNG
and LNG relays on the ability of the adsorbent to store a high amount of gas inside
the fuel tank, which means that the porous adsorbent must present a high packing
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Figure 4.4: Methane storage capacity for different activated carbons at 298 K and
up to 10 MPa. MOF sample HKUST-1 has been included for the sake of comparison
(closed symbols represent adsorption data, open symbols represent desorption data)
[14].

density ensuring that the storage capacity and the energy density, on volumetric
basis is high. Since the microporosity of ACs is created by removal of carbon atoms
during the activation process, after a certain microporosity volume further activation
is followed by the creation of macropores translating into a useless volume for gas
storage and thus a decrease of the packing density. Hence, carbons with high CH4
uptake might result in a lower volumetric storage capacity of methane than some
with lower surface area. In this sense is useful to express the adsorption capacities

in terms of volumetric quantities instead of gravimetric basis (Fig. 4.5) [31].

Along with a high micropore volume, the activated carbon is required to have
a high packing density, thus presenting a high energy density on volumetric basis.
Optimization of the packing density can be done by means of improving the bulk
density, monolith preparation and particle size design. It is strongly related to the
activation degree of the adsorbent, the higher the surface area and pore volume are
the lower the packing density is. Byamba-Ochir et al. [15] showed the importance of
the activation conditions for the preparation of ACs for methane storage, they found
that the BET surface area increased with an increase of the ratio of activating agent
and the Mongolian raw anthracite, however, the packing density gradually decreases

and therefore does the volumetric capacity (Table 4.4).
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Figure 4.5: Effect of expressing the methane adsorption capacity in terms of gravi-
metric surface (m? g~ !) area vs volumetric surface area (m? cm ?) for different
porous materials at 3.447 MPa and 298 K. A suited adsorbent for the ANG storage

presents a maximum volumetric surface area [31].

Table 4.4: Effect of activating agent/Mongolian raw anthracite radio in the volu-
metric methane adsorption capacity [15].

Carbon SBET (m? g™ 1) v/v
monoliths (cm?cpy/cm? 40)
PMAC2/1-C3-65 622 43.6
PMAC1/1-C3-65 845 60.1
PMAC1/2-C3-65 1460 162.2
PMAC1/3-C3-65 1757 147.8

To further investigate the effect of the adsorbent design parameters and the
volumetric storage capacity, Kumar et al. [25] plotted the volumetric adsorption
capacity versus the product of the packing density (PD) and the specific surface area
of the adsorbents (Fig. 4.6) finding a logarithmic relationship. They determined
that in order to achieve the volumetric methane adsorption capacity of 180 v/v,
the adsorbents must have a surface area of 2463 m? cm~3 and packing density of
about 1.2 g cm™3. This are just guidelines since consideration of pore volume and

distribution must be made.

One important advantage of using activated carbons as adsorbent materials for
gas separation and storage is the possibility of using different organic materials rich
in carbon contents as precursors with coal and wood being the most employed ones.
However, in recent years there has being an increasing interest on the production

of AC from agricultural wastes. The use of this type of materials as precursors can
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Figure 4.6: Volumetric adsorption capacity (v/v) of carbon structures versus the

product of the BET specific surface area (SSA) and packing density [25]

reduce the pressure on mines and forests while valorizing products that otherwise
result in waste production with economic and environmental impacts [32]. Examples
of such precursor materials include rubber seed coat, olive seed, coconut shell, oil
pal fiber and almond shell-derived [33]. Some of the results obtained using low-cost

lignocellulosic biomass activated carbons for methane adsorption and storage are
described in table 4.5.

Table 4.5: Biowaste precursors used to prepare activated carbons along with their

specific surface area and CH, storage [34].

Precursors Activating Surface Area Storage
Agent (m? g™1) Capacity
Sugarcane molasses KOH 2202 197.23 mg g~ !
Oil palm Shell ZnCl, 870 13 cm3 gt
Corncob KOH 3227 273.4 cm3 gt
Corn cobs KOH 1320 120 v/v
Palm shell H3PO, 25.7 em?® gt
Olive stones H3PO4 1014 4.69 mmol g*

Activated carbons can be optimized for methane storage by testing several ac-

tivation conditions, such as activation method, activation temperature, activation
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agent, activation agent to char ratio. Bagheri et al. [35] studied the effect of acti-
vation conditions on a corn cobs based AC, showing that the methane adsorption
capacity can be increased from a low 25 v/v to up to 120 v/v at 298 K and 3.44
MPa when using optimal activation conditions. Using a similar optimization process
Policicchio et al. [36] were able to obtain a CHy adsorption capacity of 150 v/v at
298 K and 3.5 MPa for a cellulose based AC. This optimization relays on the change
of the textural parameters of the adsorbent (such as BET surface area and pore size
distribution) upon different activation conditions. Ruiz et al. tested the effect of
different activation temperatures, activation agent/precursor weight and inner flow
gas on the pore size distribution (Fig. 4.7) [37]. Overall the best methane storage
capacities were found when the activation method produced samples with high BET
surface area. In the case of physical activation methods a higher activation degree
resulted in a development of the porosity thus resulting in a higher surface area.
In the case of chemical activation, a low activation temperature (between 700 and
800 °C) and a higher activation ratio/precursor resulted in a higher narrow micro-
pore (<0.8 nm) volume. All the hitherto present studies show that the new DOE
MOVE requirements are difficult to achieve by activated carbons and its feasibility
is questionable. Furthermore, using Monte Carlo simulations a maximum methane
storage capacity of activated carbons has been predicted to be 209 v/v at 3.4 MPa
[38]. Thus this implies for researchers working in the design of new materials for the
methane storage to reconsider this targets and/or changing the operating conditions

(i.e. using higher pressures).

4.4 Carbon Dioxide Adsorption

Reducing carbon dioxide (CO,) emissions is a key factor to fight global warming since
among the greenhouse gases is the one emitted in higher volume. It is estimated that
in 2006, CO4 alone accounted for 81.6% of the total GHG emissions in the US [39],
[40]. The CO4 atmospheric concentration has increased from a preindustrial value of
280 ppm to 408 ppm in 2018 resulting in an increase of 1°C of the global temperature
[40, 2]. The main source of carbon dioxide is the burning of fossil fuels followed by
land-use change. Annual fossil fuels emissions increased from an average 6.4 GtC in
the 1990s to 7.2 GtC average per year in 2000-2005 (1 gigatonne of carbon or GtC
= 1 billion tonnes of carbon) [41]. Fossil fuel combustion is the principal source of
anthropogenic carbon dioxide emissions (58% of global GHG emissions) thus they
are required to drastically reduce its carbon dioxide emissions [42]. Carbon Capture
and Storage (CCS) has been proposed as one of the most promising technologies
to reduce carbon dioxide emissions in the short-term while carbon-free processes
are implemented. It is believed that by the year 2050 CCS can reduce by 20% the
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chestnut shell activated carbons [37].
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carbon dioxide emissions [43]. CSS is a three step process:

I) Separation of CO, from other emissions
II) CO transportation to the storage site

IIT) Permanent storage

The transportation and the storage step are already developed technologies. It
is the first stage of the CCS that has made difficult its implementation. The sepa-
ration of the COy accounts for approximately two thirds of the total cost of a CCS
[44, 45]. In this sense between the proposed carbon dioxide capture and separation
options, post-combustion capture has been appointed as the most feasible to imple-
ment in power plants as it can be retrofitted to existing plants without modification
of the already existing systems [46]. The process of post-combustion can be done
by many separation technologies such as physical adsorption, chemical adsorption,
cryogenic separation and membranes. Most of the carbon dioxide capture systems
commercially available employ chemical absorption with alkaline amines despite of
the method remarkable disadvantages such as high energy requirements, oxidative
degradation of the adsorbents, high corrosion and low cost efficiency. Other possi-
ble technologies being cryogenic separation and membrane separation, however the
cryogenic separation has the disadvantage of using a great quantity of energy that
makes it too expensive and the use of membranes is still in a very young devel-
oping phase [47]. Adsorption technology involves two steps, on the first step the
carbon dioxide adsorption onto a porous adsorbent by the formation of chemical
bonds (chemisorption) or by physical interactions such as van der Waals forces (ph-
ysisorption). The second stage is the regeneration of the adsorption column after
equilibration of the system. The regeneration can be done by reducing the pressure
(Pressure Swing Adsorption - PSA) or by increasing the temperature (Temperature
Swing Adsorption - TSA). The adsorption process using physisorbent materials is
considered as the most cost-effective option for carbon dioxide separation due to
its low energy requirements, additionally it is a very noble technology that can be
easily scale to different plant sizes and used on a wide range of temperatures and
pressures. The success of an adsorption separation technology relays on the quality
of the employed adsorbent. It has been described that a successful adsorbent for

the carbon dioxide capture and storage should satisfy five main requirements [48]:

I) Large CO5 uptake
IT) High sorption rate

IIT) Good selectivity between CO, and other competing gases
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Figure 4.8: CO, uptake at 273 K 0.1 MPa for the volume of pores a) Pore Volume
< 0.5 nm, b) Pore Volume < 0.8 nm and c) Pore Volume > 1.0 nm [50].

IV) Easy regeneration

V) Low cost and high availability

The search for new adsorbent materials that better fulfill this requirements has
become an active field of research. Adsorbents that have been studied for this pur-
posed so far include activated carbons, zeolites, MOF's and polymers. It is important
to mention here that development of better adsorbents for the carbon dioxide sep-
aration would not be only beneficial to the CCS systems but also for the upgrading
of biogas and natural gas. On this contexts, activated carbons (CAs) are considered
as a superior material for the COy capture and separation due to their hydrophobic
character, lower cost, high thermal stability and low regeneration energy require-
ments [49]. Similar to the adsorption process of methane, the textural properties of
activated carbons play a major role on the adsorption behavior. CO5 adsorption is
enhanced by the presence of micropores of up to 1 nm. By comparing a number of
porous carbons, Presser et al. showed that the volume of pores larger than 1 nm is
not a major contributor to the CO, adsorption (Fig. 8c). In fact, it is the volume of
ultramicropores (size smaller than 0.8 nm) that has the higher influence upon CO,
adsorption as proven by a higher correlation coefficient (R? of 0.9958) (Fig. 4.8d).
Presser et al. reported that upon very low COy partial pressures such as 0.01 MPa
it is the pores with a size smaller than 0.5 nm that are the main contributors [50].
The dependency of the adsorption of carbon dioxide on the ultramicropore volume
was also observed by Guojun et al. at 273, 283 and 293 K and pressures between
0.01 MPa and 0.10 MPa [51].

If ultramicropore volume has proven to influence the adsorption capacity of the
activated carbons no clear relationship between the BET surface area and the ad-
sorption capacity has been reported for pressures up to 0.1 MPa [50, 51, 52]. The
potential theory indicates that CO, adsorption happens with micropore filling fol-
lowed by capillary condensation and liquefaction with increasing pressure, it is ex-

pected then that at high pressure the BET surface area and total pore volume gain
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influence on the COy adsorption. Drage et al. reported that a pressure of 4.1 MPa
a linear relationship between the CO5 adsorption capacity of activated carbons and
the BET surface area can be found [53]. Another important factor to be considered
when designing a carbonaceous porous material for carbon dioxide adsorption is the
source of the raw material from which it will be produced. One of the main ad-
vantage of activated carbons is their versatility, any carbonaceous material can be
converted in activate carbon with the main requirements being a high carbon con-
tent and low in ash, this arises the possibility of producing environmental friendly
activated carbons based on lignocellulosic biomass. On this sense, several efforts
have been made to produce CAs from lignocellulosic resources with the aim of CO,
adsorption (table 4.6).

Table 4.6: Biowaste precursos used to prepare activated carbons along with their

activation method, specific surface area and CO storage capacity [34].

Precursors Activating Surface Area Storage

Agent (m? g ') Capacity
Oil cake/walnut CO, 1207 34.72ml g !
Coconut shell CO, 371 1.8 mmol g™!
Almond-shell COq 862 2.7 mmol g*
Olive stone CO, 1215 3.1 mmol g*
Coffee residue COq 593 2.4 mmol g~!
Rice husk ZnCl, 927 1.3 mmol g~!
Peanut shell KOH 956 4.0 mmol g *
Sunflower seed KOH 1790 4.6 mmol g—*
Bamboo KOH 1846 4.5 mmol g=*
Palm stone H3PO, 924 2.7 mmol g !

The selection of the raw materials prior to the activated carbon production is
of main concern for the gas storage suitability of the adsorbent. Olivares-Marin et
al.[54] showed the importance of carefully choosing the precursor, they compared
the CO5 one sample of pre-consumer carpet and two samples of post-consumer
sample under the same activation conditions finding that the presence of inorganic
binders in the precursor can result in a lower micropore volume lowering then the
CO, adsorption capacity between the samples from 13.8 wt% to 3.7 wt%. Hao et
al. [55] had similar findings when comparing activated carbons obtained from grass
cuttings, house manure, organic waste from beer production and bio-sludge from a
waste water treatment plant, the activated carbons produced from grass cutting and
horse manure showed higher CO, adsorption capacities due to a larger volume of

ultramicropores. Munusamy et al. [16] showed that using carboxyl methyl cellulose
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sodium salt and soluble starch as binders to convert a powdered mango seed shell
derived activated carbon into extruded form they could enhance the maximum CO,
equilibrium adsorption capacity from 14.3 wt.% to 21.3 wt.% at 0.1 MPa and 273 K
explained by the formation of surface functionality by the binders on the extruded
AC. In addition to the nature of the precursor, the optimal operating conditions
of the activation process need to be determined since they can significantly affect
the adsorption capacity of the AC. There are two possible activation paths for pro-
ducing ACs, chemical activation and physical activation. Chemical activation using
KOH, H3PO, or ZnCl, is usually preferred since it results in hierarchical porous
structures with high surface areas it also consumes less energy as the chemical ac-
tivation temperature is between 600 and 800°C versus 800 to 1000°C for physical
activation. Chemical activation has the additional advantage that it can be done in
one stage where carbonization and impregnation of the precursor are done simulta-
neously, while physical activation involves a first step of carbonization and a second
step where the material is activated in the presence of oxidants such as air, CO5 and
steam [56, 57]. Song et al.[58] compared different activation methods and conditions
for corn stalk based ACs. The ACs produced by physical activation at different acti-
vation concentrations or activation times presented surface areas lower than 500 m?
g~ while chemical activation resulted in slightly higher surface areas (up to 639.8
m? g71); additionally the chemical activated carbons also showed higher micropore
volumes. This two factors resulted in higher CO, uptakes of chemical activated car-
bons than physical activated ones (Fig. 4.9). Between all the samples a maximum
carbon dioxide adsorption capacity of 7.33 wt.% was obtained. Alabadi et al.[59]
were able to obtained highly porous activated carbons by chemical activation with
KOH of a starch and gelatin 1:1 mix, a CO, capture capacity of 3.8 mmol g~! at
298 K and 0.1 MPa was obtained. Using also KOH activation to produce a pine
nut-shell-derived activated carbon a high CO, uptake of 5.0 mmol g ' at 273 K
and 0.1 MPa was determined by Deng et al. [60]. A COy adsorption of 5.22 mmol
g7l at 293 K and 0.1 bar, one of the highest reported CO, adsorption uptakes for
carbonaceous materials, was obtained by KOH chemical activation of Coca-Cola as

a source of biomass by Boyjoo et al. [61].

Typical activated carbons show weak affinity towards carbon dioxide with an
adsorption capacity of surrounding 5 wt.% at 298 K and a pressure of 0.01 MPa
(nearly the COy partial pressure of post-combustion gas) [62]. This value however,
can be improved by chemical modification of the AC’s surface. One possibility is
to introduce Lewis bases onto the activated carbon surface which favors the CO,
adsorption due to its acidic properties. Nitrogen enrichment has been reported to be
an effective way for introducing basic groups on the AC. Meng et al. [63] reported a
CO, adsorption capacity of up to 17.7% wt. at 298 K and 0.01 MPa when treating
an polypyrrole activated carbon with NaOH, they reported that the adsorption
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Figure 4.9: Effect of a) BET surface area and b) t-plot micropore area on COqy
adsorption capacity at 298 K for chemical activated (squares) and physical activated

(triangles) activated carbons from corn stalk [58].

capacity was both a function of the nitrogen content and the micropore volume.
Other works report the same dependence between the carbon dioxide capacity an
both the textural properties and N content [64, 65]. When introducing nitrogen
functionalities the presence of oxygen surface groups is desirable, since they will act
as anchoring sites for the nitrogen groups. Caglayan et al. [66] studied the effect of
different oxidation and heat treatments on the formation of N surface groups. They
found that the CO4y adsorption capacity was enhanced by NayCOj3 impregnation of
the air oxidized and nitric acid oxidized AC. They reported that sodium atoms (Na)
have CO, sorption ability and that the oxidation with HNO3 provided anchoring
sites for Na atoms. Shafeeyan et al.[67] compared the CO, adsorption capacity of a
heat-treated under nitrogen AC without pre-oxidation and amination of pre-oxidized
AC.The samples that were not pre-oxidized presented a higher BET surface area,
pore volume and micropore volume, this due the thermal decomposition of functional
groups inside the pores. Furthermore, when the sample is previously oxidized there
is a blockage of the micropores entrances by oxygen and also a collapse of some
pore walls leading to a decrease of the BET surface area and the micropore volume.
However, if the oxidation step is done at high temperature (800 °C) the oxygen
surface groups are decomposed and the textural properties are recovered (Fig. 4.10,
sample OXA-800). They found a clear relationship between both micropore volumes

and nitrogen content with the CO, adsorption capacity.

Seema et al. [68] showed that upon Sulphur (S) doping of microporous car-
bonaceous materials the CO2 adsorption capacity can be increased. They found a
correlation between the BET surface area, micropore volume and oxidized Sulphur
surface groups with the carbon dioxide adsorption capacity. A maximum adsorption
capacity of 4.5 mmol g~! was reached. Xia et al. [69] also reported an increased on
the CO, adsorption capacity after S-doping of microporous carbons, they obtained

a maximum adsorption capacity of 2.46 mmol g=! when a S content of 6.56% was
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Figure 4.10: Relationship between the COq capture capacity and a) micropore vol-
ume, b) nitrogen content (N%). OXA-400 and OXA-800: Pre-oxidazed samples
aminated at 400 and 800 °C, HTA-400 and HTA-800: Heat treated samples ami-
nated at 400 and 800 °C without pre-oxidation [67].

present and of 1.69 mmol g~! when there was no Sulphur atoms on the carbonaceous
material. It is then that even if the CO, adsorption capacity of activated carbons
is greatly influenced by the BET surface area and the volume of narrow micropores
(j 0.8 nm ) the surface chemistry can also play an important role in the search of
better materails for the CO4 separation and storage. Different functionalities can
be added to the surface of the adsorbent that will participate in the adsorption pro-
cess trough acid-base interactions and polarizability of the carbon dioxide molecules.
In addition to nitrogen and sulphur doping, activated carbons can be treated with
metal oxides resulting in chemical reactions between the CO, molecules and the
metal oxides at elevated temperatures. Published works include impregnation of
activated carbons with alkaline metals such as Mg and Ca, and transition metals
like Cu, Co, Ni, Fe, Cr and Zn [70, 71, 72]. Son et al. determined the CO, ad-
sorption capacity of metal impregnated activated carbons to decrease in the order
of Mg>Ca >Co=Cu>Ni (impregnated metal)[72]. Using Zn™? as a promotor (Fig.
4.11), Somy et al. [70] tested the adsorption behavior of activated carbons impreg-
nated by Fe,O3 and Cr,O, finding a 20% increase of the CO, adsorption capacity
upon CryO impregnation (compared with raw AC); meanwhile Fe;O3 impregnation
was not effective . Finally, it has been reported that an acidic treatment prior to
the metal impregnation can further increase the carbon dioxide adsorption, the acid
groups will oxidize the samples and provide oxygen surface groups that can form

metal complexes with the metal ions [73].
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Figure 4.11: CO, adsorption isotherms of Zn™2-metal oxide samples prepared by

solution and slurry impregnation methods [72].
4.5 Conclusions

From environmental and economic point of value the use of biomass to prepare car-
bon materials with tunable features is demonstrated in many works. Many sources
of biomass or biomass waste were used and optimized activation conditions with
physical or chemical agents afford to obtain materials with high specific surface
area, high porous volume and tunable pore size characteristics, and various surface
chemistries, highly desired for gas storage applications. For the three gases evaluated
herein (CH4 and CO,), the adsorption capacities on carbon adsorbents shows many
similar trends. As demonstrated in many works, the adsorption capacity depends
firstly on the available porosity, namely the specific surface area and in particularly
microporous volume, the pore size with narrow distributions (0.5 -0.8 nm) being
likely more favorable for achieving higher gas adsorption up-takes. In addition to
the porosity, the carbon functional groups are also influencing the gas adsorption
capacity. The oxygen, nitrogen and sulfur were widely studied and their influence on
the gas up-take is not the same for all the gases. For CO, adsorption, oxygen seems
beneficial to increase the gas up-take while for hydrogen adsorption oxygen proved
to be detrimental. Regarding the other heteroatoms (N, S), their impact was found
more difficult to precisely demonstrate due to the complexity to design materials
with similar texture and oxygen contents, which usually interferes and accounts also
in the adsorption process. The impact of the morphology on the gas adsorption

is not deeply addressed and deserves further investigations to elucidate its impacts

70



Chapter 4. A review on the CH; and CO5 Adsorption by Carbonaceous Materials

on the materials density, gas diffusion and volumetric gas capacity. Beside the car-
bon characteristics that strongly influences the gas adsorption capacity, the analysis
condition such as temperature and pressure has significant importance. Due to the
week interactions of the gases with the carbon structure, the gas adsorption capac-
ities at room temperature and atmospheric pressure or even high pressure, remain

very small.
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Chapter 5. Experimental Determination of the CH, and COy Pure Gas Adsorption
Isotherms on Commercial Activated Carbons

5.1 Chapter Outline

The bibliographic research presented in Chapter 4 indicates that the textural prop-
erties of activated carbons have a major role on their gas adsorption properties (see
Chapter 4). In this context, the current Chapter is an experimental study aiming

to explore the influence of such properties on CH4 and CO, gas adsorption of ACs.

An original set of pure CH, and CO4y adsorption equilibrium data is presented
and expressed it in terms of textural properties such as BET surface area, total
pore volume and micropore volume. Adsorption isotherms up to 3.5 MPa were
performed using a home-made manometric technique at 303.15 K and 323.15 K.
The results show a higher adsorption capacity for carbon dioxide than for methane
over the whole pressure range for all of the samples. In addition, a contribution
to the CO, adsorption capacity of the BET surface area and micropore volume is
evidenced. The samples showed to have a comparable adsorption capacity to that

of conventional adsorbents used for the separation and storage of COs.

5.2 Introduction

Treatment and disposal of liquid and solid wastes play an important role in the green
house gases (GHG) emissions, with a total contribution of 3.2% of the total GHG,
it is the fourth largest contributing sector in the EU, after energy, agriculture and

industrial processes [1]. Furthermore, the emission of methane from waste disposal
is alone responsible for 2% of the total GHG of the EUJ[1].

The anaerobic fermentation of the organic fraction of wastes results in a mixture
of gases known as Biogas. It is composed mainly by carbon dioxide (CO2) and
methane (CHy) [2]. To prevent the emission of methane into the atmosphere, biogas
is collected and flared to transform the CHy fraction into COs, reducing its global
warming potential from 28 kg of CO5 eq to 1 kg of CO5 eq. In a minor degree the
collected biogas is directly burned to generate electricity with a process efficiency of
roughly 38% [3]. However, another possible option that has gained popularity is a
process known as 'Upgrading of Biogas’ in which highly pure methane (89 to 96
% purity) is separated from the gas mixture to be later used as an alternative to

natural gas or as vehicle fuel [4].

There are several methods available for the upgrading of biogas which include
water scrubbing [5, 6], chemical absorption [7, 8], membrane separation [9, 10], pres-
sure swing adsorption [11, 12] and biological treatment [13, 14] . Depending on the
implementation site, biogas content, plant scale as well as the final requirements of

the produced gas each method presents different advantages and disadvantages. On
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this context, Pressure Swing Adsorption (PSA) has a low investment cost, simplicity
of operation, low energy requirements, easy to scale plant size (biogas flow-rate from
10 to 10000 m?/h of biogas ), lack of by-products and high efficiency that make it
one of the preferred technologies[15, 16].

In a PSA biogas upgrading unit, biogas is put in contact with an adsorbent that
selectively adsorbs and desorbs the carbon dioxide fraction. Many types of porous
materials are used for the CH;/COy separation which includes carbon molecular
sieves (CMS) [17, 18], zeolites [19, 20], activated carbons [21, 22] and more recently
metal organic frameworks (MOFs) [23, 24]. Although zeolites are the typically
chosen adsorbent for the PSA biogas upgrading units, the use of activated carbons
(AC) presents important advantages such as a high surface area, developed pore
volume, hydrophobic character and therefore high resistance to water, lower cost and
low energy requirements [25, 26]. Nevertheless, activated carbons usually present

low selectivity for carbon dioxide restricting its use[27].

The aim of the present work is to study the methane and carbon dioxide adsorp-
tion behavior in different activated carbons. In order to do so, methane (CH,) and
carbon dioxide (COy) adsorption isotherms were measured at 303.15 and 323.15 K
for an extended range of pressure (0-3.5 MPa) for a set of 5 commercial activated
carbons using a home — made manometric device detailed in the literature [28]. A
Langmuir two parameters model was used to simulate the adsorption isotherms and
to calculate the maximum adsorption capacity of the samples. The effect of the

structural properties over the adsorption capacity of the samples was studied.

5.3 Experimental Section

Material Characterization

Several types of activated carbons: CNR-115, RX 1.5, CGran, Rox 0.8 and GAC
1240 (Cabot Corporation, USA) were used for the adsorption studies. The activated
carbon morphology was analyze by scanning electron microscopy (SEM) using a FEI
Quanta 400 instrument. X-ray powder diffraction (XRD) was used to evaluate the
activated carbon structure using a D8 ADVANCE A25-Bruker instrument. This
diffractometer works in Bragg-Brentano reflexion geometry #—6 and is equipped

with the Lynx Eye XE-T high resolution energy dispersive 1-D detector (Cu Kay o).

Activated textural features were determined by N, and COs adsorption per-
formed on a Micromeritics ASAP 2420 device at 77 K and 273 K, respectively.
Prior to the porosity analysis, the samples were out-gassed in vacuum at 300 °C for

one night before the adsorption analysis. The pore size distributions (PSD) were
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Figure 5.1: Schematic representation of the high pressure manometric device.

determined from the adsorption branch of nitrogen isotherms using the non liquid

density functional theory (NLDFT) for carbon slit pores.

The specific surface area (SSA) was calculated from the linear plot in the relative
pressure range of 0.01 to 0.05 (Fig. S1 of Supporting Information). Meanwhile,
the micropore volume (V,) was obtained using the Dubinin-Radushkevich (DR)
equation in the relative pressure interval (P/Pg) from 107" to 1072 and the total
pore volume (Vyor) was determined from the amount of nitrogen adsorbed at a
relative pressure of 0.95. Subtraction of the micropore volume from total pore

volume resulted in the mesopore volume (V,es0)-

Sample Preparation

5.3.1 Manometric Adsorption Setup

A home-made high-pressure manometric device was developed to obtain the adsorp-
tion isotherms of each of the samples, Figure 5.1 shows an schematic view of the
apparatus. The main elements of the system are the dosing volume V, the adsorp-
tion cell Vg4 and the MKS baratron type 121 A (0.01% uncertainty from vacuum
to 3.3 MPa) connected to the dosing volume. A constant temperature in the in-
tegrity of the system is ensured by a heating wire controlled by a Eurotherm 3208
PID regulator, with 2 thermocouples fixed in the two cells to verify the isothermic
conditions in all the system. The volume of the empty system was calculated by a
gravimetric-manometric method consisting of sending a known mass of helium into
the V; recording the resulting pressure and working temperature, thus the volume
could be obtained using the ideal gas equation of state. Additionally an expansion

of the gas into the adsorption cell was done in order to derive the empty V45 volume.
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The uncertainty of the calculations of the empty volumes were inferior to 0.5%. The
overall uncertainty of the adsorbed amount (due to the helium volume calibration
process and the pressure accuracy) is determined to be lower than 1% over the entire

pressure range[29].

Determination of Excess Adsorption

The samples were cleaned directly into the adsorption cell V4, at 100°C under vac-
uum conditions for 10 h. An additional 5 hours cleaning step (100°C) was performed
after void volume determination. In order to have a large enough adsorption area a

sample mass of approximately 1 g was chosen.

The accessible volume in the adsorption cell is calculated by successive helium
expansions from the V; to V,4s then the all apparatus is evacuated and the temper-

ature for the adsorption isotherm is settled.

To carry out the adsorption isotherm an accumulative process was chosen, with
an increase of pressure of approximately 3 bars between each measurement. In
this type of procedure successive doses of gas are introduced in the dosing cell and
expanded into the adsorption cell, details of the procedure are specified on the
literature [30, 31] .

Fitting of Excess Adsorption Isotherms

The adsorption isotherms were correlated by the modified Langmuir model that

takes into account the adsorbet phase volume [32]:

p + pr Pads Pads

T T
nzﬁgess =ny p <1 o pg(p7 )) — nggssolute (1 _ pg(p, )) (51)

excess
ads

(Mpa),py, is the Langmuir pressure or the pressure at which half of the adsorption

where n is the adsorbed amount of gas (mol/kg) at the working pressure p
sites are occupied, nj, is the maximum Langmuir capacity (mol/kg), p, and pags
represent the gas density and adsorbed phase density at p and T conditions. In
this work the adsorbed phase density of COy was fixed to be 1027 kg/m?[33]. The
Langmuir model is limiting for low pressures, thus its application on high-pressure
region of the adsorption isotherms is strictly unjustified. However, in many cases it
is a reasonable approximation of the excess adsorption isotherms and consequently

it can be use as a fitting function [34].

A standard deviation for the fitting process was calculated as:
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Figure 5.2: SEM images of activated carbons: a) CNR - 115, b) RX 1.5, ¢) CGran,
d) Rox 0.8, ¢) GAC 1240 at two magnifications (;1.0 mm and 100 pm)

N
1
An =1y zlz(n’fz —nprr)® (5.2)

Where An represent the standard deviation between the calculated adsorption

values and the experimental ones. N is the number of adsorption values obtained

excess

encess is the experimental adsorbed gas

through the experimental measurements, n

amount and npgpp the adsorbed amount calculated with the Langmuir equation.

5.4 Results and Discussion

The activated carbons present either a granular morphology (CNR - 115, RX 1.5
and Rox 0.8, Figure 5.2 a, b, d) or pallet-like morphology (CGran and GAC 1240,
Figure lc, e). Their size varies also with the type of carbon the larger one being
observed for CNR - 115 and RX 1.5 while the smallest size is scen for CGran (Fig.
5.2¢). At a closer look, most of materials present a rough and porous surface while

in the case of CGran big pores in form of channels are noticed.

The XRD diffractogram (Fig. 5.3) show three peaks placed around 24°, 44° and
80° and corresponding to the (002), (100) and (110) diffraction planes of graphite.
For all materials, the peaks are very broad indicating highly disordered materials
with low degree of graphitization. In the case of RX 1.5, Rox 0.8 and GAC 1240, in
addition to the graphite peaks, other peaks are observed. Their intensity is rather
low but they have a sharp shape sign of presence of crystalline impurities. The
identification revealed the presence of SiOs tridymite (PDF 89-3141) for Rox 0.8
and of SiOy quartz (PDF 89-1901) and Al silicate (PDF 89-2814) for the GAC 1240

carbon.
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Figure 5.3: XRD patterns of activated carbons: CNR - 115, RX 1.5, CGran, Rox

0.8 and GAC 1240.

Table 5.1: Textural Properties of Carbon Materials

Sample Sser Vu N, Vior Vieso No
(m”g™) (em’g™!) (em’g™) (cm’g™)
CNR - 115 1714 0.64 0.95 0.31
RX 1.5 1683 0.61 0.81 0.20
CGran 1378 0.45 0.99 0.54
Rox 0.8 1323 0.48 0.64 0.16
GAC 1240 982 0.36 0.56 0.20

The pore size distribution obtained using the DFT model is shown in Figure

7.2. All of the probes are microporous (pores < 2 nm) with a minor contribution

of mesopores (pores between 2 and 50 nm). A pore size range between 0.5 nm and
2.6 nm was obtained for the activated carbons RX 1.5, CGran, Rox 0.8 and GAC,

while CNR - 115 show a slightly wider range (between 0.5 and 3.5 nm).

Table 7.1 gives the textural properties of the activated carbons. The highest

microporous volume was found for the samples with highest BET surface area CNR
- 115 ( Sppr=1714 m* g~! and V,=0.64 cm® g') and RX 1.5 (Sppr=1683 m?
g ! and V,=0.61 cm® g '). Meanwhile, sample CGran had the highest mesopore

volume (V,=0.54 cm?® g™1).
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Figure 5.4: NLDFT pore size distribution of activated carbons: CNR - 115, RX 1.5,
CGran, Rox 0.8 and GAC 1240
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Figure 5.5: Excess adsorption isotherms for samples CNR-115 (cricle), RX 1.5
(square), CGran (diamond), Rox 0.8 (triangle), GAC 1240 (crosses). a) CHy ad-
sorption at 303.15 K b) CO, adsorption at 303.15 K ¢) CHy adsorption at 323.15 K
d) CO4 adsorption at 323.15 K.
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The CH4 and CO4 adsorption isotherms were obtained at 303.15 and 323.15 K for
the 5 samples of activated carbons up to 3.5 MPa with a reproducibility superior to
99% (average absolute deviation of less than 1%). The experimental data is listed on
Table 5.4-5.8 of the Chapter’s Appendix. Figures 5.5a and 5.5¢ show the methane
adsorption isotherms at both working temperatures, while Figures 5.5b and 5.5d
display the carbon dioxide adsorption isotherms. It can also been seen that all the
studied samples present a significant higher adsorption of CO, than that of CH, at
both temperatures, agreeing with the general behavior of activated carbons for the
critical temperature and pressure of methane (190.55 K and 4.59 MPa) are much
lower than those of carbon dioxide (304.45 K and 7.38 MPa) resulting in the CO,
molecules acting as condensable vapor and CHy as supercritical gas [35]. Another
possible explanation for the higher adsorption of carbon dioxide is that contrary to
methane, it presents a quadrupole moment resulting in higher adsorbate-adsorbate
interactions within the adsorbed phase. For the methane molecules, since no dipole
or quadrupole moments are present the interactions between adsorbate molecules

are smaller [36].

Figure 5.5 also shows a decrease in the adsorption capacity with increasing tem-
perature which can be explained by the exothermic nature of a physical adsorption
process. It can be seen from Figures 5.5b and 5.5d that the sample that presents
the higher CO5 values throughout the pressure range is the RX 1.5 activated carbon
(square), this sample also presents the higher methane adsorption (Figure 5.5a and
Figure 5.5¢).

The CO, adsorption isotherms were fitted using the Langmuir 2 parameters
model (Table 5.2), the obtaining fitting parameter values are representative of a
good fitting process of the data. There is a clear correlation between the maximum
Langmuir capacity and the BET surface area as shown in Figure 5.6, a higher BET
surface area results in a higher CO, maximum adsorption capacity, this behavior
is to be expected since the BET surface area is a measurement of the available

physisorption sites.

To further study the relationship between the structural properties and the car-
bon dioxide adsorption capacity, the ny(COy) was plotted against the total pore
volume (Fig. 5.7), the micropore volume (Fig. 5.8) and the mesopore volume(Fig.
5.9). The total pore volume did not show a significant influence in the adsorption
capacity, however, a linear correlation between the micropore volume and the max-
imum Langmuir capacity can be depicted throughout the studied samples. This
relationship between the adsorption capacity and the micropore volume has been

previously reported in the literature[37, 38].

The measured carbon dioxide adsorbed amounts at 0.1 MPa (CO, ads.) as
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Table 5.2: Langmuir Fitting Parameters

303.15 K

sample ny (mol kg™!) p, (MPa) An

CNR - 115 19.26 1.679 0.073
RX 1.5 20.46 0.986 0.068
CGran 17.78 1.22 0.101
Rox 0.8 16.34 0.751 0.052

GAC 1240 10.79 0.91 0.037

323.15 K
sample 7y (mol kg™!) p, (MPa) An

CNR - 115 17.02 1.816 0.054
RX 1.5 17.62 1.224 0.043
CGran 14.478 1.456 0.067
Rox 0.8 14.02 0.898 0.051

GAC 1240 8.67 1.03 0.019
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Figure 5.6: Maximum Langmuir adsorption capacity at 303.15 K (open symbols)
and 323.15 K (filled symbols) as a function of the BET surface area. The corre-
lation between the data is shown by linear regression, continued line for 303.15 K
(r’=0.959) and dotted line for 323.15 K (r?=0.991).
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Figure 5.7: Maximim Langmuir adsorption capacity at 303.15 K (open symbols)
and 323.15 K (filled symbols) as a function of the total pore volume.
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Figure 5.8: Maximim Langmuir adsorption capacity at 303.15 K (open symbols)
and 323.15 K (filled symbols) as a function of the micropore volume. The corre-
lation between the data is shown by linear regression, continued line for 303.15 K
(r?=0.883) and dotted line for 323.15 K (1?=0.929).
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Figure 5.9: Maximim Langmuir adsorption capacity at 303.15 K (open symbols)

and 323.15 K (filled symbols) as a function of the mesopore volume.

well as the obtained maximum adsorption capacity (COy Max.) are compared on
Table 5.3 with conventional adsorbents used for the CH,/CO, separation. The CO4
adsorption values at 0.1 MPa of the studied samples are in agreement with the
reported values of the Norit R1 and WV1050 activated carbons but significantly
lower than that of zeolites. This behavior is in agreement with the literature, since
it has been reported that zeolites tend to reach a maximum adsorption value at
low pressures (P=0.1 MPa), while activated carbons adsorption capacities increase
constantly for a bigger pressure range having then low adsorption at low pressure
and high adsorption at high pressure[39]. The maximum adsorption capacity of
the studied activated carbons presents itself promising for the adsorption of carbon

dioxide.

5.5 Conclusion

The adsorption isotherms of pure CH; and CO, were obtained for a series of 5
microporous activated carbons at two working temperatures (303.15 and 323.15
K). The data were well fitted to a Langmuir two parameters model. All of the
studied samples showed a higher adsorption of carbon dioxide than of methane. A
decrease in the adsorption capacity of both gases with increasing temperature was
obtained for all of the activated carbons, this behavior is characteristic of physical
adsorption processes. The samples showed an adsorption capacity comparable to
that of conventional adsorbents used on CH,;/CO, separation processes with the

highest maximum Langmuir capacity being 20.46 mol kg™! for sample RX 1.5 at
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Table 5.3: Comparison of COy Adsorption with Different Adsorbents

SBET CO; ads. CO; Max.

Sample (m? g 1) T (K) (0.1 MPa) adsorption

(mmol g=')  (mmol g ')
AC Norit R1 [40] 3000 293 2.23 9.221
WV1050 [41] 1615 293 1.69 17.396
Zeolite NaX [42] 534 303 4.20 5.9774
Zeolite 13X [43, 44] 584 308 105% 17.901

305 4.9

CNR - 115 1714 303 1.08 18.949
RX 1.5 1683 303 1.89 20.177
CGran 1378 303 1.35 17.532
Rox 0.8 1323 303 1.41 16.154
GAC 1240 982 303 1.07 10.652

¢ P=0.095 MPa

273.15 K. The adsorption capacity was found to be related with the BET surface

area and the micropore volume. Meanwhile, the total pore volume and the mesopore

volume did not seem to influence the adsorption process.
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Appendix
Table 5.4: GAC 1240 Adsorption
CH, CO,
303.15 K 323.15 K 303.15 K 323.15 K
P Nege P Nege P Nege P Nege
(MPa) (mol kg=!) (MPa) (molkg™') (MPa) (molkg™') (MPa) (mol kg™!)

0.019 0.398 0.203 1.798 0.024 0.382 0.025 0.239
0.048 0.941 0.545 3.144 0.058 0.810 0.063 0.597
0.099 1.600 0.989 4.071 0.102 1.276 0.111 0.963
0.258 2.884 1.428 4.605 0.277 2.633 0.266 1.824
0.592 4.320 1.847 4.910 0.637 4.390 0.601 3.147
0.986 5.230 2.386 5.048 1.068 5.659 1.048 4.289
1.428 5.821 2.986 4.999 1.555 6.613 1.543 5.129
1.847 6.165 1.948 7.161 1.951 5.570
2.386 6.333 2.481 7.748 2.417 5.988
2.985 6.338 3.023 8.327 2.998 6.406

Uncertainties: AT=0.2 K, AP=0.01 MPa, An/n=1%

Table 5.5: RX 1.5 Adsorption

CH, CO,
303.15 K 323.15 K 303.15 K 323.15 K
P Negc P Nege P Nege P Nege
(MPa) (mol kg=!) (MPa) (molkg™') (MPa) (molkg=!') (MPa) (mol kg™ !)

0.015 0.159 0.013 0.308 0.009 0.270 0.008 0.191
0.039 0.484 0.035 0.514 0.026 0.789 0.024 0.514
0.071 0.846 0.075 0.836 0.059 1.532 0.049 0.934
0.180 1.766 0.254 1.906 0.159 3.223 0.084 1.437
0.424 3.150 0.528 3.020 0.401 6.015 0.255 3.261
0.754 4.385 0.840 3.929 0.796 8.920 0.536 5.361
1.117 5.379 1.211 4.739 1.201 10.894 0.877 7.186
1.512 6.151 1.662 5.413 1.701 12.606 1.220 8.564
1.877 6.707 2.117 6.018 2.291 14.055 1.637 9.851
2.404 7.297 2.562 6.492 2.796 14.953 2.039 10.825
2.908 7.733 2.996 6.879 3.093 15.361 2.449 11.606

2.798 12.157

3.200 12.533

Uncertainties: AT=0.2 K, AP=0.01 MPa, An/n=1%
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Table 5.6: CGran Adsorption

CH, CO,
303.15 K 323.15 K 303.15 K 323.15 K
P Nege P Nege P Nege P Nege
(MPa) (mol kg=!) (MPa) (molkg™!') (MPa) (molkg=!') (MPa) (molkg™!)
0.018 0.100 0.032 0.131 0.016 0.422 0.022 0.397
0.064 0.384 0.067 0.272 0.046 1.059 0.056 0.821
0.106 0.606 0.112 0.443 0.089 1.732 0.095 1.223
0.282 1.363 0.271 0.934 0.247 3.420 0.255 2.437
0.587 2.317 0.590 1.671 0.551 5.523 0.554 4.007
0.968 3.074 0.969 2.369 0.939 7.389 0.924 5.440
1.361 3.762 1.389 2.934 1.390 9.009 1.348 6.717
1.761 4.357 1.907 3.556 1.875 10.447 1.785 7.677
2.209 4.917 2.462 4.076 2.355 11.684 1.958 7.852
2.641 5.360 3.022 4.548 2.877 12.516 2.729 8.722
3.074 5.768 3.109 9.033

Uncertainties: AT=0.2 K, AP=0.01 MPa, An/n=1%

Table 5.7: Rox 0.8 Adsorption

CH, CO,
303.15 K 323.15 K 303.15 K 323.15 K
p Nege p Nege p Nege p Nege

(MPa) (mol kg=!) (MPa) (molkg™') (MPa) (molkg™') (MPa) (mol kg™!)
0.026 0.336 0.022 0.242 0.018 0.414 0.152 2.311
0.064 0.790 0.064 0.626 0.047 1.124 0.461 4.783
0.103 1.220 0.110 0.974 0.091 2.053 0.901 6.859
0.270 2.343 0.287 1.941 0.246 4.239 1.364 8.270
0.578 3.670 0.599 3.074 0.540 6.759 1.757 9.116
0.949 4.683 0.989 4.034 0.926 8.780 2.323 9.995
1.367 5.474 1.403 4.783 1.364 10.263 2.936 10.65
1.819 6.083 1.851 5.380 1.765 11.249

2.387 6.635 2.406 5.924 2.330 12.233

2.957 7.065 3.027 6.351 2.960 12.960

Uncertainties: AT=0.2 K, AP=0.01 MPa, An/n=1%
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Table 5.8: CNR - 115 Adsorption

CH, CO,
303.15 K 323.15 K 303.15 K 323.15 K
P Nege P Nege P Nege P Nege
(MPa) (mol kg=!) (MPa) (molkg™!') (MPa) (molkg=!') (MPa) (molkg™!)
0.177 0.851 0.197 0.779 0.131 1.862 0.035 0.569
0.392 1.569 0.463 1.478 0.393 3.916 0.080 1.005
0.609 2.146 0.758 2.091 0.728 5.787 0.119 1.319
0.849 2.671 0.989 2.503 0.986 7.015 0.171 1.697
1.091 3.112 1.294 2.950 1.296 8.119 0.274 2.440
1.387 3.554 1.656 3.306 1.600 9.091 0.488 3.689
1.660 3.904 2.046 3.635 2.012 10.301 0.743 4.872
1.923 4.179 2.409 3.914 2.436 11.253 0.986 5.825
2.220 4.299 2.789 4.164 2.947 12.227 1.380 7.046
2.509 4.513 3.124 4.373 1.839 8.319
2.760 4.682 2.281 9.224
2.960 4.809 2.663 10.035
3.200 4.940 3.135 10.805

Uncertainties: AT=0.2 K, AP=0.01 MPa, An/n=1%
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Chapter 6. Experimental Determination of the CH, and CO5 Pure Gas Adsorption
Isotherms on Biomass based Activated Carbons

6.1 Chapter Outline

Chapters 4 and 5 demonstrated the key role of textural properties of activated car-
bons on the gas adsorption process. A high surface area translates into a higher
existence of sorption sites, thus translating into an increase of the maximum ad-
sorption capacity of the adsorbents. In addition, the presence of micropores with a

size close to 0.8 nm is beneficial for both carbon dioxide and methane adsorption.

One of the main advantages of using activated carbons as gas adsorbent materials
is that both their chemical and textural properties are tunable with ease. Through
the shifting of the preparation method (i.e. activation temperature, activation time,
activation agent) it is possible to obtain samples presenting different pore sizes and

pore distribution as well as particular acid/basic surface properties.

The influence of the activation method on the CO, and CHy adsorption uptake
is analyzed on this Chapter. For this purpose, the adsorption isotherms of three
biomass-based activated carbons obtained by different activation methods (HsPO4
chemical activation and HyO and COsphysical activation) are reported. Methane
and carbon dioxide pure gas adsorption experiments were carried out at two working
temperatures (303.15 and 323.15 K).

The results show that for the three adsorbents the CO, adsorption was more
important than that of CHy. In addition, chemical activation results in the higher
specific surface area and micropore volume leading to a higher adsorption capacity of
both COy and CHy4. For methane adsorption, the presence of mesopores facilitated
the diffusion of the gas molecules into the micropores. In the case of carbon dioxide
adsorption, the presence of more oxygen groups on the water vapor activated carbon

enhanced its adsorption capacity.

6.2 Introduction

As part of the efforts being made to fight climate change, governments of 195 coun-
tries signed the Paris Agreement, in which they agreed to keep the increase of the
global average temperature well below 2 °C from the preindustrial temperatures [1].
In order to meet this target, the EU set a 20-20-20 goal: 20% increase of energy
efficiency, 20% reduction of greenhouse gas (GHG) emissions and 20% of EU energy
from renewables by 2020. Furthermore, 10% of transportation fuels have to come

from renewable sources such as biofuels [2].

Biogas is a gaseous mixture produced when organic matter is degraded by micro-

organisms under anaerobic conditions in a process known as anaerobic digestion
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(AD); its main components are methane (CHy) in a concentration of 50-70 vol%
and carbon dioxide (CO,) ranging from 3045 vol% Collected biogas can be di-
rectly burned to produce electricity with an efficiency of roughly 38% [3]. Alter-
natively, the energy density of biogas can be increased by an upgrading process in
which the non-combustible gas (COg) and other impurities are separated to pro-
duce biomethane, a highly-purified methane stream (around 98% purity), which can

function as a vehicle fuel or can also be injected into the natural gas grid.

The use of biogas and biomethane as alternative energy sources has gained atten-
tion, because it results in the reduction of greenhouse gases from both the burning
of fossil fuels and from the landfill of organic wastes, which accounts for 3.2% of
the total GHG emissions of the EU. Consequently, in Europe, more than 90% of
the produced biogas is already being used for electricity generation, and the up-
grading of biogas is being promoted more and more [4]. EU energy production
from biomethane rose from 752 GWh in 2011 to 17.264 GWh in 2016 (+16.512
GWHh). Moreover, in 2016, biomethane production in Europe increased by 4.971
GWh (4+40%), proving an accelerated development in the sector [5].

Adsorption-based processes have been widely explored for the upgrading of bio-
gas. They present several advantages such as relatively low energy requirements
and low capital investment costs, flexibility of design, safety and simplicity of oper-
ation, as well as a high separation efficiency [6]. In this type of separation technology,
the components of a gas mixture are separated by their molecular characteristics and
affinity to an adsorbent material. For this purpose, a variety of materials have been
studied including zeolites [7, 8, 9], carbon molecular sieves (CMS) [10, 11, 12], metal
organic frameworks (MOFs) [13, 14, 15] and activated carbons (ACs) [16, 17, 18].
Among these materials, activated carbons present advantages in terms of: (i) hy-
drophobicity; thus, there is no need for a drying step before upgrading; (ii) low heat
of adsorption, therefore a low energy of regeneration; (iii) the possibility of het-
eroatoms’ functionalization to modify their adsorption behavior; and (iv) high CO,
adsorption capacity at ambient pressure [19]. Furthermore, activated carbons can be
produced with a lower cost than other adsorbents, with a wide range of available pre-
cursor materials. In fact, any carbonaceous material can be used as a precursor for
activated carbon production as long as it has a low ash content and a high proportion
of carbon [20]. In this sense, the use of agro-industrial wastes as an alternative to
coal and wood as precursors for activated carbon production has been widely stud-
ied [21, 22, 23]. This waste-valorization process reduces the environmental and eco-
nomic costs associated with the precursors while eliminating the need for disposal or
incineration of unwanted agricultural by-products [24]. Materials such as corn cobs,
palm shells, starch, coconut shells, durian shell, olive stones and bamboo have al-
ready been studied for activated carbon production [25, 26, 27, 19, 28, 29, 30, 31, 32].
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In particular, olive stones are seen as suitable precursors, giving activated carbon
with high adsorption capacities, important mechanical strength and low ash con-
tent [33, 29]. A complete review of precursors, activation methods and applications

of biomass-based activated carbons is available elsewhere [34].

Depending on the activation conditions, ACs can present surface areas as high as
3000 m? g~ !. Activated carbons can be produced in two ways: physical activation
and chemical activation. Physical activation is a two-step process that begins with
the carbonization of the precursor at high temperatures (up to 1073 K), a process
in which the volatile compounds present in the precursor are removed under an
inert atmosphere (i.e., nitrogen atmosphere) producing a carbon-rich material. Car-
bonization is followed by the activation step: the material is exposed to an oxidizing
gas current (such as air, COy and water vapor) at a temperature between 1073 and
1273 K. On the other hand, chemical activation consists of the immersion of the
raw material into a dehydrating agent followed by a heat treatment step. Exam-
ples of dehydrating agents are sodium and potassium hydroxide (KOH and NaOH),
zinc chloride (ZnCly) and phosphoric acid (H3PO,). Chemical activation with KOH
results in activated carbons with a high micropore volume, a key factor for CHy
and CO, adsorption; nevertheless, this activation agent presents the disadvantage
of low production yields due to the presence of potassium atoms on the resulting
structure, which lowers the activated carbon yield; thus, the carbon content of the
obtained activated carbon is lower than that of the precursor material. The use of
ZnCl as the activation agent has environmental disadvantages due to zinc chloride’s
high corrosivity. Therefore, H3PO,4 has become the most used impregnation agent
for AC production [35].

Different activation methods and activation conditions (i.e., temperature and
time of activation) result in differences in the textural properties such as surface area,
pore size distribution and micropore volume, as well as in the chemical properties of
the obtained activated carbons. The textural properties are the most determining
factor of the adsorption behavior in a physical adsorption process. However, specific
interactions between the adsorbed gas and the adsorbent may also play a role in
the adsorption process, and they are unique for each adsorbent/adsorbate pair [36].
Therefore, it is necessary to establish the best activation method for each particular

adsorption process.

Several studies have been published on the CH4 and CO4 adsorption capacity
of COy physically-activated carbon, as well as KOH chemically-activated carbons,
but a less important number of works report H3PO, activation [19, 25, 37, 38,
39, 35, 31, 40, 41, 42]. The literature review shows that the use of olive stones
as precursor materials for activated carbon production is a promising alternative

for biogas upgrading with the additional advantage of waste valorization. In this
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context, the present work provides a novel systematic analysis of the influence of
both the textural properties and surface chemistry of olive stone activated carbons
on the methane and carbon dioxide adsorption. The effect of the activation method
(physical versus chemical activation) on the properties of the obtained activated
carbons is also discussed. To this end, the adsorption capacity of both methane and
carbon dioxide is determined for three activated carbons produced from olive stones
by different activation methods: COs physical activation, HoO physical activation
and H3PO, chemical activation. The factors influencing the gas adsorption capacity
are discussed in terms of the effect of the activation method on both the textural

and chemical properties of the obtained activated carbon.

6.3 Materials

6.3.1 Sample Preparation

Three activated carbons were prepared using olive stones provided by an olive oil
factory located in Zarzis (Tunisia); two of them were obtained by physical activation
and the other one by chemical activation. Prior to the activation procedures, the raw
materials, were thoroughly washed with hot distilled water, dried under ambient
conditions for 24 h and crushed to form particles with a diameter between 1 and
3 mm. The activated carbon preparation methods are summarized in this section. A
detailed description of the selection procedure of the optimal activation conditions

and sample characterization can be found in [43, 44, 45].

Physical Activation

Two physical activation methods were carried out: activation with water vapor and
activation with carbon dioxide. Both methods followed a two-step scheme in which
the first step was the carbonization of the precursor under a continuous flow of
purified nitrogen with a flow rate of 10 NL/h. Using a heating velocity of 5 K/min,
the precursor was heated from room temperature to a temperature of 873 K and kept
at this final temperature for 60 min. Nitrogen flow was used in order to evacuate the
residual oxygen from the system. The second step was the activation of the samples
consisting of placing the sample under a gas flow of the activation agent at a flow
velocity of 10 N1/h and a temperature of 1023 K for 360 min (temperature ramp of
15 K/min). For the water vapor activated carbon (AC-H,0), the activation agent
was water 70 vol. % in N,. Meanwhile, for CO, activation, a flow of pure carbon

dioxide was employed.
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Chemical Activation

The olive stones were immersed in an orthophosphoric acid aqueous solution (50%
w/w) at a weight ratio of 1:3. The mixture was kept under stirring for 9 h at 383 K.
Consecutively, the solution was filtrated, dried and flushed by a stream of nitrogen
at a temperature of 443 K for 30 min and an extra 150 min at 683 K. The heating
velocity during this whole procedure was 5 K/min. The sample, referred to as
AC-H3POy, had a chemical activation yield of 33 wt%.

6.3.2 Samples Properties

The characterization of the activated carbons was done by means of textural prop-
erties (such as surface area and pore volume) and surface chemistry. The spe-
cific surface area was calculated by means of the Brunauer-Emmett—Teller (BET)
method [46] from the linear plot of the nitrogen adsorption isotherm at 77 K in
the relative pressure range of 0.05-0.15 (Figure 6.5a of the Appendix). Total pore
volume was determined by the amount of nitrogen adsorbed by each material at a
relative pressure P/P° = 0.99. The t-plot method was used for the calculation of
the micropore volume. The mesopore volume was defined as the difference between
the total pore volume and the micropore volume. Finally, the pore size distribution
(PSD) (Figure 6.5b of the Chapter Appendix) was obtained by non-local density
functional theory (NLDFT) using a model for slit carbon pores. The textural prop-
erties of the three activated carbons are summarized in Table 6.1 and can also be
found in the literature [43]. The three activated carbons are mainly microporous.
The water vapor activated carbon has a higher total pore volume Vyor due to the
presence of an important volume of mesopores V,,cs = 0.30 cm?® g7!). The presence
of mesopores on water vapor-activated carbons due to a higher gasification of the
carbon source of the precursor has been previously reported [43, 47]. On the other
hand, the chemically-activated carbon AC-H3PO, has significantly higher specific
surface area (SSA) and micropore volume V,, than the physically-activated ones, in

agreement with the literature [48].

Table 6.1: Textural Properties of Carbon Materials.

S l SSA VH VTOT Vmeso
ample . . .

P m?g) (emPgl) (emPgl) (em®g)
AC-H;PO, 1178 0.45 0.49 0.04
AC-COq 757 0.30 0.32 0.02
AC-H,0O 7Hh4 0.28 0.58 0.30
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The surface chemistry of the adsorbent can be of great importance for the ad-
sorption process; for this reason, the type and quantity of surface oxygenated groups
were determined by means of a home-made temperature programmed desorption de-
vice coupled with a mass spectrometer (TPD-MS). In the TPD-MS experiments, a
sample weighting 10 mg of each activated carbon was placed in a quartz tube that
was introduced to an oven. The temperature of the oven was then increased at a rate
of 5 K per minute under vacuum conditions. The surface properties of the sample
were analyzed in the temperature range 298-1173 K. During the heating process,
the quantitative evolution of gases was analyzed by mass spectrometry. The total
amount of emitted CO and CO, during the TPD-MS analysis was obtained by inte-
gration of the desorption peaks (see Table 6.2). With the increase of temperature,
oxygenated groups decomposed into CO4 and CO. The desorption temperature gives
information about the nature of oxygenated groups present on the carbon surface.
Furthermore, by correlation between diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) spectra of different activated carbons and their TPD-MS
profiles, it has been established that the emission of carbon dioxide results from the
decomposition of lactones, carboxylic acids and anhydrides, while carbon monoxide

is emitted by the decomposition of groups such as phenols, ethers and quinones [49].

Table 6.2: Cumulated Amounts of the Emmited CO and CO, During the TPD-MS
Analysis of Carbon Materials.

Sample CO (mmol g7') CO, (mmol g')

AC-H3POy 3.43 0.72
AC-CO, 1.06 0.38
AC-H,0O 1.25 0.39

In this context, the chemically-activated carbon (AC-H3PO,) presented higher
amounts of oxygenated groups, mainly carboxylic acids, quinones and anhydrides.
Among the physically-activated carbons, the water vapor activation resulted in more
surface oxygen in the form of phenol and carboxylic acids. Meanwhile, carbon
dioxide activation resulted in the formation of quinones, lactones and carboxylic

acids on the activated carbon surface [43].
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6.4 Experimental Methodology

6.4.1 High Pressure Manometric Adsorption Setup

The instrument used in the present study was a high pressure (HP) manometric
device. A schematic view of this “homemade” apparatus is provided in Figure 6.1.
The fundamental elements of this apparatus are the dosing cell (Vy,s) and the adsorp-
tion cell (V,4s). The pressure was measured by a MKS pressure transducer Baratron
Type 121 A (MKS Instruments, Miinchen, Deutschland). (0.01% uncertainty in the
full scale from vacuum to 3.3 MPa) connected to the dosing cell. The two cells
were isolated by spherical valves, thus limiting the “dead space” volume. During
the adsorption experiments, the isothermal condition of the system was ensured
by a heating wire controlled by a Eurotherm 3208 PID. (Schneider Electric, Wor-
thing, United Kingdom). Thermocouples located at several points of the instrument
allowed verifying the non-appearance of temperature gradients within the system.
This setup was designed to operate over wide a range of pressure (0-3.3 MPa) and
temperature up to 373.15 K [50, 51].

e Pressure gauge
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Figure 6.1: Schematic diagram of the HP/HT manometric adsorption set-up.

6.4.2 Determination of Excess Adsorption

Prior to the adsorption experiments, both the dossing cell volume and adsorption cell
volume need to be calculated. The volume of the dosing cell was measured by a gravi-
metric scheme in which the pressure change at a given temperature due to a known
quantity of carbon dioxide (COs) was recorded, using the NIST isothermal proper-
ties of carbon dioxide the corresponding volume was calculated [52]. The adsorption
cell accessible volume, also known as void volume, in the presence of the sample of
activated carbon was calculated by helium (He) expansions from the dossing cell to
the adsorption cell (helium is considered as a non-sorbing gas). The experimental

methodology applied for the adsorption isotherms measurement is based on a mass
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balance principle. The uncertainty on the calculations of the void and adsorption
cell volume was always inferior to 0.5%. In all the cases an outgassing process
consisting of keeping the sample under vacuum conditions at 473 K for 10 h was
performed before any experiment. The adsorption isotherms were obtained by an
accumulative process: successive doses (=3 bar) of the adsorbate (CH4 or COy) were
introduced in the dosing cell and expanded into the adsorption cell. The stability of
the pressure was the chosen indicator of equilibrium conditions. The reproducibility
of the experiment was tested by repeating one of the adsorption isotherm 3 times,

the absolute standard deviation was found to be less than 1%.

6.4.3 Parametrization of Excess Adsorption Isotherms

The excess adsorption isotherms were fitted to a modified Langmuir model:

Nexe = HLL (1 - M) (61)

p + PL Pads

On this expression ng,. represents the adsorbed amount of gas (mol kg™!) at a
pressure p (MPa); py, is the pressure at which half of the adsorption sites are occupied
(monolayer), also known as the Langmuir pressure, ny is the maximum Langmuir
capacity which corresponds to the adsorbed amount in which the monolayer is filled,
pg is the gas density (kg m™?) at pressure p and temperature 7. Meanwhile poqs (kg
m~3) stands for the adsorbed phase density, on this work it was fixed to the inverse
of the van der Waals volume of each gas (373 kg m > for methane and 1027 kg
m~? for carbon dioxide) [53]. The Langmuir model has the advantage of taking into
account the volume of the adsorbed phase. It has a theoretical basis whilst other
models such as Toth (1995) [54] and Sips (1948) [55] are empirical. This model was
initially developed for the low pressure region, nevertheless it provides a reasonable

estimation of the excess adsorption isotherms at higher pressures [17].

The best fit of the Langmuir model for each adsorption isotherm was obtained

by minimizing the root mean square error (RMSE) provided by Equation (6.2) [7]:

1

k
1
RMSE = E : \l Z(nexp - ncalc)2 (62)

where 1, and ng e are the experimental and calculated adsorption amounts in mol

kg~! at a pressure p for a number % of data points in the adsorption isotherm.
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6.5 Results

CH,4 and CO5 adsorption isotherms were obtained for a set of the three olive-stones
based activated carbons (Figures 6.2 and 6.3) up to a pressure of 3.2 MPa at two
working temperatures: 303.15 and 323.15 K with a reproducibility superior to 99%
(average absolute deviation of less than 1%). All the isotherms were fitted by the
Langmuir two parameters model (see Equation (6.1)), the obtained fitting param-
eters and root mean square error (RMSE) are presented in Table 6.3 (CH, ad-
sorption) and Table 6.4 (COq adsorption). The goodness of the fitting process is
depicted by the RMSE values, values under 0.09 were obtained for the fitting of all

the isotherms.
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Figure 6.2: CH, Adsorption isotherms for three olive-stones based activated car-
bons: AC-H3PO, (black circles), AC-CO; (red diamonds) and AC-H,O (turquoise
triangles). Open symbols represent the adsorption data at 303.15 K while the data
at 323.15 is shown by the filled symbols. Uncertainties: Ap = 0.01 MPa, AT = 0.2
K. The obtained Langmuir fitting isotherms are shown by the solid lines.

A higher adsorption of carbon dioxide than methane can be noticed for the three
ACs (Figures 6.2 and 6.3). It is a typical behavior of activated carbons adsorption
that can be explained by the presence of a quadrupole moment on the molecule of
carbon dioxide that leads to stronger adsorptive/adsorbent interactions. Another
possible explanation can be given in terms of the critical point of the gases, the criti-
cal temperature (190 K) and critical pressure (4.59 MPa) of methane are much lower
than those of carbon dioxide (304.45 K and 7.38 MPa) which means that carbon
dioxide is in the form of a condensable vapor while methane acts as supercritical
gas at the adsorption conditions. A lower adsorption and lower maximum Lang-

muir capacity (ny) upon an increase on the adsorption temperature are evidenced
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on Figures 6.2 and 6.3) and Tables 6.3 and 6.4, indicating a physical adsorption
process. Furthermore, for both adsorptives, the chemically activated carbon AC-
H3PO, showed the higher adsorption capacity, the adsorption tendency vary in the
following order: AC-H3PO, ; AC-H,0 ; AC-COs.
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Figure 6.3: COy Adsorption isotherms for three olive-stones based activated carbons:
AC-H3POy (black circles), AC-COs (red diamonds) and AC-H,O (turquoise trian-
gles). Open symbols represent the adsorption data at 303.15 K while the data at
323.15 is shown by the filled symbols.Uncertainties: Ap = 0.01 MPa, AT = 0.2 K.

The obtained Langmuir fitting isotherms are shown by the solid lines.

Table 6.3: Langmuir Fitting Parameters for the CH; Adsorption Isotherms.

CH, Adsorption

Sample Temperature (K) nr (mol kg=') pr (MPa) RMSE

303.15 6.518 0.932 0.042
AC-H3PO,

323.15 6.369 1.182 0.037

303.15 3.913 0.273 0.043
AC-COq

323.15 3.830 0.076 0.031

303.15 5.417 0.714 0.067
AC-H,0O

323.15 5.301 1.011 0.056
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The superior adsorption of AC-H3PO4 can be explained in regards of the textu-
ral properties of the samples (see Table 6.1), the chemically activated carbon has
the highest specific surface area and micropore volume, both adsorption enhancing
factors. A higher surface area means more physisorption available sites, while a lin-
ear relationship between the micropore volume and the adsorption of both methane
and carbon dioxide has been reported [21. 56]. Concerning the difference in the
methane adsorption capacity of the two physically activated carbons, the presence
of mesoporosity on the structure of the water vapor activated carbon AC-H,O is
thought to be the determining factor. Both physically activated carbons have simi-
lar SSA and micropore volume, with the only difference being the mesopore volume.
In fact, it has been shown that activated carbons that combine both micropores
and mesopores can adsorb a significantly higher amount of CH, than their totally

microporous counterparts [57].

Table 6.4: Langmuir Fitting Parameters for the CO, Adsorption Isotherms.

CO, Adsorption

Sample Temperature (K) nz (mol kg=') pr (MPa) RMSE

303.15 10.873 0.488 0.080
AC-H4PO, 0

323.15 10.254 0.733 0.065

303.15 5.878 0.181 0.059
AC-CO,

323.15 5.191 0.273 0.020

303.15 7.968 0.371 0.073
AC-H,O

393.15 7721 0.772 0.087

While methane adsorption by activated carbons is only influenced by the textu-
ral properties of the adsorbent, the carbon dioxide adsorption is also thought to be
related to the surface chemistry. On the present work, the influence of the surface
chemistry is depicted by normalizing the CO4 adsorption isotherms by the surface
area (Figure 6.4). One could expect that by doing this the adsorption of the chemical
activated carbon would still be the most important due to a higher micropore vol-
ume. In reality, the AC-HyO shows the higher adsorption. Chemical activation with
phosphoric acid (H3POy) is reported to produce acid activated carbon surfaces [58],
which seems to reduce the interactions between the basic surface groups and the
carbon dioxide molecules explaining its lower adsorption when the textural effect
is eliminated by normalizing the adsorption isotherms by the specific surface area.
However, the negative influence of acid surface groups on the AC-H3PO, is small

compared to the effect of its higher surface area, thus showing a higher adsorption
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capacity when no normalization of the isotherms is made (Table 6.4).

Among the two physical activated carbons AC-H,O has the highest quantity
of oxygenated surface groups (Table 6.2), which explains its dominant adsorption
when SSA normalized. An increase on the CO, adsorption capacity upon the pres-
ence of oxygen-containing surface functionalities by means of acid-base interactions
and hydrogen bonds formation between the adsorbate and the activated carbons
surface [59, 60]. The high electronic density of oxygen on the oxygenated surface
groups, due to electron gain from the carbon surface atoms, allows them to act as

electron-donors in which case the CO, adsorbate molecules behave as basic groups.
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Figure 6.4: SSA normalized COy Adsorption isotherms of the activated carbons:
AC-H3PO, (black circles), AC-COy (red diamonds) and AC-H,O (turquoise trian-
gles). Open symbols represent the adsorption data at 303.15 K while the data at
323.15 is shown by the filled symbols 323.15 K.

Table 6.5 shows the comparison of the methane and carbon dioxide adsorption
capacities (ncpga and neez) of the activated carbons studied on this work with other
biomass-based activated carbons of the literature at similar adsorption temperature
(T) . It can be seen that the adsorption values are well in the range reported on
the literature for both carbon dioxide and methane. Their competitive adsorption
capacities and higher carbon dioxide adsorption capacity over methane make the
olive stones activated carbons suitable materials for further studies on the CH4 and

CO, storage and separation.
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Table 6.5: Adsorption capacities of different biomass-bassed adsorbents.

Activation NCHA4 ncoz

Sample Precursor Agent T (K) (molkg—1) (mol kg—?)
AC-H3gPOy4 * Olive stones H3POy4 303.15 6.518 10.873
AC-COq * Olive stones COy 303.15 3.913 5.878
AC-H,O * Olive stones H>0O 303.15 5.417 7.968
BC [19] Babassu coconut CO2 293 5.343 10.49
CS [19] Coconut shell CO2 293 7.259 14.67
Pinpel20 [61] Wood pellets CO2 303 3.36 6.66
MSS-AC [62] Mango Seeds H3POy4 303 0.858 8.788
CS-H20 [39] Cherry stones H20 303 8.36 14.45

* This work.

6.6 Conclusions

On this work, the effects of the textural and chemical properties of three activated
carbons on the adsorption behavior of carbon dioxide and methane were studied.
For this purpose, three activated carbons produced from olive stones by CO5 physical
activation, HoO physical activation and HgPO,4 chemical activation were employed.
The activated carbons were mainly microporous. The activated carbon obtained by
chemical activation with phosphoric acid of the precursor material presents higher
surface area, total pore volume and micropore volume which lead to a higher ad-
sorption capacity for both methane and carbon dioxide. FEven though that the
two physically activated carbons have similar surface areas and micropore volume,
the water vapor activated carbon has also an important volume of mesopores that fa-
cilitated the diffusion of the methane molecules into the micropores, thus its methane
adsorption capacity was higher. In the case of carbon dioxide, adsorption specific
interactions between the adsorptive and adsorbent were also found to participate in
the adsorption process. Amongst the two physically activated carbons, HoO acti-
vated carbon had the highest content of oxygen surface group and therefore a higher
CO5 adsorption capacity. Nevertheless, even if the surface chemistry of the adsor-
bents can influence the adsorption of carbon dioxide, textural properties are still the
main governing parameters. Finally, the three activated carbons from olive stones
had a higher adsorption of carbon dioxide than to methane, meaning a higher selec-
tivity towards carbon dioxide than methane. Furthermore, their carbon dioxide and
methane adsorption capacities were found to be in the range of other biomass-based

activated carbons reported in the literature making them suitable candidates for the
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upgrading of biogas.
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Figure 6.5: a) Adsorption and desorption of Nitrogen (N2) at 77 K on the Olive

stones activated carbons, b) Pore size distribution (PSD) of the olive stones activated

carbons obtained by means of density functional theory (DFT).
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Chapter 7. Experimental Determination of the CH,/CO4 Selectivity of
Commercial Activated Carbons

7.1 Chapter Outlook

Thanks to Chapters 5 and 6, the effect of both textural and chemical properties on
the pure gas adsorption has been established. The present Chapter follows with the
calculation of the second performance indicator for biogas upgrading by activated
carbons: the CH,/COq selectivity.

The selectivity of an adsorbent material denotes its capacity to predominantly
adsorb one gas over other(s) when a mixture of gases is present. For biogas upgrading
application, the adsorbent most retain the majority of carbon dioxide into its matrix
with the methane fraction remaining in the gas bulk, in other words it most have a
high CH,4/CO4 selectivity. The present Chapter explores the influencing factors of
the selectivity of activated carbons. To this end, the CH4/COq equimolar mixture
adsorption isotherms of the 5 commercial activated carbons introduced in Chapter5

are here presented.

The adsorption measurements were carried out under isothermal conditions at
a temperature of 303 K on the pressure range of 0 to 3 MPa. The obtained results
indicate that a higher BET surface area in addition to a narrow pore size distribu-
tion centered at a pore size of 0.8 nm results in higher CH,/CO4 total adsorption
capacity. Furthermore, whilst the presence of basic functionalities on the surface of
the adsorbents seems to enhanced the adsorption of carbon dioxide, the adsorption
selectivity is influenced by both textural and chemical properties of the samples.
The selectivity is detpicted higher for activated carbon ROx 0.8 (selectivity factor
up to 4.7), a microporous steam activated carbon with a mild surface area (1323 m?
g™1), narrow pore size distribution with an average pore size of 0.84 nm. Higher
BET surface areas and average pore sizes appear detrimental of the selectivity. Fi-
nally, the presence of sulfur surface groups is reported to increase the selectivity

factor.

7.2 Introduction

The constant increment of global energy demand and the fight against climate
change have created the need of turning our energy production systems towards
renewable energies [1]. One key alternative to the burning of fossil fuels is the use of
biofuels. Derived from biomass, the use of biofuels has environmental benefits such

as a decrease in the emissions of COq, SO, and hydrocarbons [2].

Biomethane production via upgrading of biogas is a sustainable source of ad-
vanced transport biofuel [3]. The conversion of biogas to biomethane, involves the

separation of the methane fraction (53 to 70%) from the carbon dioxide portion
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(30 to 40%) to obtain a highly purified methane stream (=<95%) that meets the
domestic gas pipeline requirements [4, 5]. Compared to other upgrading techniques,
the separation of biogas by physical adsorption has the advantages of low invest-
ment and operation costs, high efficiency, null production of chemical wastes and no
watter requirement [6, 7]. It consists in the selective partitioning of carbon dioxide
from biogas into an adsorbent material also known as the adsorbent [8]. Adso-
prbent materials are ussually highly porous solids with high specific surface area

and developped porosity [9].

Activated carbons (ACs) are commonly used as adsorbents due to their high
surface area, developed microporosity, thermal stability, ease of regeneration and low
production cost [10, 11]. They are recognized for their adsorption performance on a
variety of separation processes including removal of heavy metals from water [12; 13]
and [14], pharmaceutical and organic pollutants removal [15, 16, 17], treatment
of flue gas [18, 19], purification of natural gas [20, 21] and upgrading of biogas
[22]; [23]. Pure CO2 gas adsorption has been reported to be influenced by the
textural properties of the adsorbents, mainly the narrow micropore volume (<0.7
nm) [24, 25, 26, 27|. Nevertheless, the surface chemistry of the adsorbent is also
thought to play a role on the adsorption process ([28, 29]). Liu et al. [30] studied
the effect of surface heterogenity on the adsorption process, they results showed an
ehacement of CO9 adsorption when oxygen surface groups such as -OH and -COOH
were present, these oxygen functionalities are highly electronegative which allows
them to act as basic adsorption sites. Karimi et al. [31] reported an increase on
CO3 adsorption capacity upon removal of surface acidic groups. In fact, due to
the acidic properties of carbon dioxide, surface chemistry modification of activated
carbons consisting in the addition of basic functionalities is a well studied strategy

for the preparation of carbon capture adsorbents [32, 33, 34].

When COg separation of CH,/CO2 mixture is concerned, the ideal adsorbent
should have a high selectivity provided by different adsorption behavior for the
two gases, or in other words it must preferentially adsorb carbon dioxide with the
vast majority of methane molecules remaining in the gaseous phase [35]. The two
molecules have similar kinetic diameters, 0.330 nm for CO 5 and 0.382 nm for CHy
which make it very complicated to design kinteic-based adsorbents [36]. However,
the two molecules have an important difference of polarity, CO5 has a quadrupolar
moment of 13.4 X 1074 ¢m?, while CHy is a non polar molecule [37]. The pres-
ence of polar surface functionalities results in an increased selectivity towards carbon
dioxide by means of stronger adsorbate-adsorbant interactions as it was demostrated
by Park et al [38]. They found that a high content of sulfur and potassium on 3
biomass-based activated carbons privileged the adsorption of CO5. Upon function-

alization with NaOH, FeaCOg of a commercial activated carbon, Castrillon et al.
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found that the stronger basicity as well as developed microporosity of the NaOH
modified carbon resulted in the highest selectivity [39]. Using molecular dynamics
simulations, Wang et al. demonstrated that a low pressure the selectivity is highly
influenced by the surface chemistry, whilst at the high pressure region the pore size

distribution is the major contributing factor [40].

Although the kind of studies briefly reviewed here are of great importance for the
development of new and more efficient biogas upgrading techniques, the bibliography
comprising the COq separation from CH, by activated carbons remains to this day
very limited. The present work explores the role of textural and chemical properties
of activated carbons on the CH,/COg selectivity, by means of the equimolar binary
mixture adsorption isotherms for a set of 5 well characterized commercial activated
carbons. To the best of our knowledge, this is the first experimental work dealing
with the comparison of selectivity values of activated carbons in terms of their

textural and surface properties.

7.3 Materials and Methods

The adsorption selectivity studies were performed on five activated carbons produced
by Cabot Corporation (USA). The activated carbons named CNR-115 and CGran
are chemically activated with phosphoric acid while GAC 1240, RX 1.5 and Rox 0.8

are physically activated with steam.

7.3.1 Characterization of the samples
Textural characterization

The textural properties of the activated carbons were obtained by means of nitro-
gen (N3) adsorption at 77 K carried out on a Micrometrics ASAP 2000 automatic
apparatus with a preparatory step consisting of placing the samples under vacuum
for 12 h at 573 K. The BET surface area was obtained from the linear plot in the
low pressure region (P/P¢=0.01-0.05) [41]. The total pore volume was calculated
from the amount of adsorbed nitrogen at a relative pressure of 0.95. The Dubinin-
Radushkevich (DR) equation was used on the relative pressure range of 10~ to
1072 for obtaining the micropore volume [42], the mesopore volume is calculated
as the difference between the total pore volume and the micropore volume. This

properties can also be found on a previous work of the authors [43].

The pore size distribution was obtained applying the non liquid density func-

tional theory (NLDFT) with the carbon slit pores model to the Ny adsorption data.
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Surface Chemistry characterization

To evaluate the surface chemistry of the activated carbons the temperature pro-
grammed desorption TPD profiles were obtained using a "home made” apparatus
coupled with mass spectrometry. The temperature of a quartz tube containing 10
g of the sample was increased from 298 to 1223 K at a rate of 2 K per minute,
the evolution of carbon monoxide (CO) and carbon dioxide (CO2) was followed

quantitatively using the mass spectrometer (INFINCON Transpector).

In addition, the acid/basic character of the activated carbons was studied by the
measurement of the zero charge point pH (pHpzc). For each AC, a quantity of
0.1 g was put in contact with a set of 5 solutions with pH values ranging from 4
to 10 prepared by additions of NaOH 0.1 N or HCI 0.1 N in distillate water. The
AC containing solutions were kept under string for 72 h and the pH of the solution
was determined by a Denever Instrument model 215 pH meter. The five solutions
containing one of the activated carbons had similar final pH values that correspond
to the pHpzc. The pH pzc value was refined by following the same protocol using
three solutions of pH close to the final values of the first set for each activated

carbon.

The presence of acidic and basic oxygen surface groups was studied by the
method of Boehm [44]. To calculate the quantity of acidic groups an indirect titra-
tion method as described by Schonherr et al. was followed [45]: 200 mg of AC was
added to 50 mL of 0.01 N solution of NaOH. The activated carbons solutions were
kept under stirring for 72 h. The supernatant carbons were separated from the so-
lutions by centrifugation followed by decantation. Then, three 10 mL aliquots were
taken and 20 mL of 0.01 N hydrochloric acid were added to each sample. Finally,
the sodium carbonate NasCQOg 0.01 N titration curves were obtained. For each ac-
tivated carbon-NaOH solution a reference sample containing 50 mL of the NaOH

solution was subjected to the same protocol from stirring to titration.

The amount of surface basic functionalities was measured by titration of HCI with
NagCOjs. The samples containing 50 mL of HCI 0.01 N and 0.200 mg of AC followed
the same separation method and treatment time described for basic functionalities.
On this case however, direct titration of the 10 mL aliquots by NayCOg was carried
out. The error of the followed Boehm titration protocol is reported to be ~0.15%
of the aliquot volume (10 mL) [45].
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7.3.2 CH,4/CO, Adsorption experiments

A high pressure manometric device coupled with gas chromatography CG was de-
signed for the calculation of the equimolar CH4/CO4 mixture adsorption isotherms,
an schematic view of this apparatus can be seen in Figure 7.1. Its main components
are the dossing and asorption cells (Vgos and Vggs) (Top Industries, volume: 20.5
cm?), a recirculation pump (GK-M 24/02, max. flow: 2.8 1/min and max. system
pressure: 15 MPa), a manometer (MKS baratron type 121 A, 0.01% uncertainty
from vacuum to 3.3 MPa), FID gas chromatograph (Agilent Technologies 7890 A).
[sothermal conditions are achieved by a heating wire controlled by a PID regulator
(Eurotherm 3208) and monitored throughout the experiments by two thermocouples

placed on each of the cells.

Pressure gauge |
w2
X .
! Vdos i
| vl |
' K
V4 ’ / / /
CH/CO;, Redroulation Vads .
... pamp _Tconstant;

Figure 7.1: Schematic representation of the HP adsorption manometric device cou-

pled with gas chromatography.

The procedure starts with the calculation of the accessible volume in the presence
of the adsorbent, otherwise known as dead-space volume. To this end, an amount of
sample with an adsorption area of at least ~30 m? is placed inside the adsorption
volume V_4s and cleaned by an 8 h out-gassing process at 373 K under vacuum
pressure (< 1072 Pa). The dead space volume is obtained by successive helium
expansions from the dossing cell Vs to the adsorption cell V45 [46]. Between the
dead-space volume calibration and the adsorption measurements, the system is put

under vacuum for an additional 4 hours in order to remove any traces of helium.

The protocol for determination of the gas mixture adsorption isotherm follows a

mass balance principle. An amount of the CH4/CO4 is introduce into the dossing cell
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and the pressure is recorded once the thermal equilibrium is reached (i.e. constant
pressure). The gas is then expanded into the adsorption cell by opening the valves
3 and 4, homogeneity of the gas during the adsorption process is attained through
recirculation of the gas by the recirculation pump, equilibrium is once more achieved
and pressure recorded. Valves 3 and 4 are closed isolating the adsorption cell and
a discrete dose of the gas isolated in the dossing section of the system is sent to be

analyzed by the gas chromatograph.

The total adsorbed amount (ng4s) can be then calculated from the difference
between the quantity of moles introduced on the dossing cell (12405) and the amount

of moles in the gas phase after adsorption (ng) (eq. 7.1).

Nads = Ndos — Ng (71)

From the total adsorbed amount a fraction corresponds to methane and the rest
carbon dioxide. Thus, the molar fraction of each gas remaining on the gas phase
after the adsorption (ycm, and yco,) needs to be calculated from the integration of

the CG peaks. The methane mole fraction in the gas phase is obtained by equation

7.2.

NCH,,g
yCH4 = (72)
NCcHyg T NCO,g

The ratio of moles of methane in the adsorbed phase g, can be express also

express in the form of a mole fraction (eq. 7.3)

NcH,,ads
LCHy — ’ (73)
NCHy,ads T TCO2,ads

Therefore, the quantity of adsorbed moles of methane for the first step of the
isotherm is given by multiplication of xcpy, times the total number of adsorbed
moles (n44s) as shown by equation 7.4.

NCHy,ads = LCHy X Nads (7.4)

In a similar way, the number of moles of carbon dioxide in the adsorbed phase
("COs,ads) 18 expressed by equation 7.5

NCOs,ads = Lo, X Nads (75)

For the following steps, the gas in the dossing section of the system is evacuated
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by the vacuum pump and a new dose of the 50-50% mixture is added to the dossing
cell, the pressure is recorded and valves 3 and 4 are opened. The gas molecules that
were introduced in the system enter in contact with the gas that was isolated in the
adsorption cell on the previous step, recirculation of the gas takes place and a new
equilibrium is reached. Therefore, the adsorbed quantity of each gas at a given (%)
step of the isotherm can be calculated by equations 7.6 and 7.7:

. 1 - .
nZCH4,ads = (Endos + n; 1) - (nZCH4,adsyé'H4) (7'6)

niCOz,ads = (Endos + nj]_l) - (niC’Oz,adsyé’Oz) (77)

The total adsorbed amount of each gas is calculated by addition of the adsorbed

amount on the present step to that of the precedent ones:

NCH,ads = g NCH,,ads (7.8)
i

and
Ncos,ads — E NCo3,ads (79)
i

7.4 Results

7.4.1 Activated Carbons Characterization

Figure 7.2 b) shows the pore size distribution profiles (PSD) for the five activated
carbons. A predominance of peaks of under 2 nm can be depicted on this figure,
characteristic of microporous materials. Nevertheless, a contribution of mesopores

(pores from 2 to 50 nm) is also present.
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Figure 7.2: a) Nitrogen adsorption isotherms at 77 K and b) NLDFT pore size
distribution of activated carbons RX 1.5, CGran, GAC 1240, CNR-115 and ROx
0.8.

The nitrogen adsorption isotherms on Fig. 7.2 a) show type I behavior for
activated carbons RX 1.5, GAC 1240, CNR-115 and Rox 0.8 indication of micro-
porous materials. CGran shows a type IV isotherm depicting the presence of an
important volume of mesopores. Table 7.1 shows ACs surface areas (Spgr) ranging
from 982 (GAC 1240) up to 1714 (CNR-115) in accordance with typical values for
carbonaceous materials [47]. The obtained values of micropore volume (Vypiero) con-
firm a developed microporosity of the samples. Furthermore, the activated carbons
with higher BET surface area, RX 1.5 and CNR-115, also display bigger microp-
ore volumes (0.61 and 0.64 respectively). The presence of an important volume of
mesopores (Vipeso) on CGran resulted in the biggest total pore volume Vo, closely
followed by CNR-115. Finally, the average pore size (L0O) of each sample was cal-
culated using the NLDFT-PSD profiles. The values of L0 ranged from 0.76 (GAC
1240) to 1.10 (CNR-115).

Table 7.1: Textural Characterization of Activated Carbons

Sample SBET Vmicro Vimeso Viot Lo
(m?g~!)  (em® g7!)  (em® g7!)  (em®gT!)  (nm)

RX 1.5 1683 0.61 0.20 0.81 0.93
CGran 1378 0.45 0.54 0.99 1.00
GAC 1240 982 0.36 0.20 0.56 0.76
CNR-115 1714 0.64 0.31 0.95 1.10
Rox 0.8 1323 0.48 0.16 0.64 0.84

The acid-base properties of the activated carbons were studied by means of
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their the zero charge point pH (pHpzc) which corresponds to the pH at which
the positive and negative surface charges cancel each other. Table 7.2 displays the
obtained values for the aqueous solutions of the activated carbons. A wide range of
pH pzc values can be noticed between the activated carbons following the tendency
from more to less acidic of CGran > CNR-115 > Gac 1240 > ROx 0.8 > RX 1.5,
this trend is closely linked to the activation method used for the preparation of the
carbon, with those activated chemically (CGran and CNR-115) showing the highest
acidity.

Table 7.2: Acid-Base character of Activated Carbons

Total Total
Sample pHpzc

Acid (mmol g=!) Basic (mmol g™')

RX 1.5 9.75 0.18 0.73
CGRAN 3.86 1.74 0.01
GAC 1240 8.13 0.18 0.49
CNR-115 6.14 0.49 0.61
ROx 0.8 8.74 0.21 0.61

Moreover, the basic pHpzc values of RX 1.5, ROx 0.8 and GAC 1240 indicates
the presence of oxygen functionalities from the families of carbonyles and ethers
since they have been reported to create mr-electrons rich zones that make the sur-
face acts as a Lewis base [48]. By contrast, activated carbons surface acidity is
thought to be related to the presence of carboxylic acids, lactones and phenols that
increase the surface polarity, in the present case a part of acidity may come also
from phosforic groups created due to the H3POy activation agent used [49]. Boehm
titration method results (Table 7.2) confirm the presence of an superior quantity of
such functional groups in the acidic pHpzc carbon CGran than on the other acti-
vated carbons. Furthermore, activated carbons showing a higher pH pz¢ presented

a bigger quantity of basic oxygen functionalities.
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Figure 7.3: CO5 and CO TPD desorption profiles for activated carbons RX 1.5,
CGran, GAC 1240, CNR-115 and ROx 0.8.

To further investigate the types and quantities of surface groups the TPD-MS
profiles were obtained for all of the samples (see Figures 7.3 and 7.4). Moreover, the
CO and CO9 TPD-MS profiles show the desorption rates of oxygen surface function-
alities upon increasing of the temperature. A considerably bigger amount of oxygen
surface groups on activated carbons CGran and CNR-115 can be observed in agree-
ment with the results obtained by the pHpzc. The carbon dioxide desorption
profiles of these two activated carbons, indicate the occuring of surface carboxylic
groups and lactones functionalities demostrated by the presence of desorption peaks
at a temperature below 673 and 923 K respectively. In addition, the peak at 1100
for CNR-115 indicates the presence of thermally stable functionalities such as car-
bonates. On the other side, the CO desorption profiles of these activated carbons
show two peaks, the first one at 900 K corresponds to phenol groups, whilst the
second one arises from the presence of very thermally stable functionalities such as
quinones, ethers, and anhydrides. The remaining activated carbons display a low
concentration of oxygen functionalities where the presence of carboxylic acids, ethers
and quinones can be depicted. Overall the surface acidic groups quantified by the
emission of CO4 groups are significantly in lower quantities than the basic groups
decomposed as CO groups (see Fig. 7.4). This result is in rather good agreement
with the amount of basic and acidic groups determined by bohem titration (Table
7.2).
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Figure 7.4: CO4 and CO5 TPD total emitted quantities for activated carbons RX
1.5, CGran, GAC 1240, CNR-115 and ROx 0.8 obtained by integration of the des-

orption peaks.
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7.4.2 CH,4/CO, Adsorption experiments
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Figure 7.5: CH4/CO3 mixture and individual components in the mixture adsorption
at 303 K for activated carbons a) RX 1.5, b) CGran, ¢) GAC 1240, d) CNR-115 and
e) ROx 0.8. (green: Total, red: CHy and blue: COs).

The CH4/CO4 equimolar mixture adsorption isotherms were obtained for the stud-
ied activated carbons at a temperature of 303 K (see Fig. 7.5, Tables 7.3-7.7).
The results show a superior carbon dioxide adsorption (blue) compared to that of
methane (red) for the five activated carbons. The explanation lays on the differ-
ence in polarity of the two probe molecules, while the molecule of carbon monoxide
has a high quadrupole moment, methane is a non-polar molecule. Thus, the higher
polarizability of COa, leads to stronger interactions between the adsorbate and the
surface groups of the activated carbons [50]. In addition, an increase of the total
adsorbed quantity upon pressure augmentation can also be observed in consistency

with typical adsorption behavior on activated carbouns.

Carbon dioxide pure gas adsorption on the studied activated carbons was previ-
ously found to be directly related to their BET surface area and micropore volume
[43]. Here, activated carbons CNR-115 and RX 1.5 present higher adsorption ca-
pacities than the rest of activated carbons (see Figure 7.5) which could indicate

influential effect of the BET surface area on the adsorption capacity in agreement
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with the literature [51, 52]. The calculation of the BET surface area provides an
estimation of available physisorption sites, thus explaining the higher adsorption
of this carbons. Nonetheless, it can be seen that even though the adsorption ca-
pacity of carbon dioxide is favored, their methane adsorption is also important, an
unwanted behavior for the separation of these two gases. Furthermore, when ad-
sorption competition between the two gases is present, other factors seem to play an
important role as evidenced upon comparison of the adsorption isotherms of CGran
and ROx 0.8 (Fig 7.5 b) and e)). The two samples have very similar surface areas
(1378 and 1323 m? g ~' ) and micropore volume (0.45 and 0.48 cm® g —1) but nev-
ertheless the CO2 and CH4/CO4 total adsorption are significantly more important
on ROx 0.8. Omne possible explanation for the difference in adsorption capacity of
these 2 activated carbons relays on tn their pore size distribution, ROx presents a
more narrow pore distribution with a typical pore size close to 0.7 nm, meanwhile
CGran present a wider pore distribution centered at = 1 nm. In fact, a narrow pore
distribution with an average pore size between 0.7 and 0.8 nm has been reported
to be optimal for adsorption of both methane and carbon dioxide [53, 26]. Another
explanation lays on the surface chemistry of the samples. Xue et al. [54] found that
the surface chemistry of the adsorbent also affects the total adsorbed quantity and
individual components adsorption of gas mixtures. As aforementioned CGran has
the lowest pH P ZC' and the highest quantity of acidic surface functionalities, with
COg3 behaving as a lewis acid, the result is the decrease on the adsorbed amount of
the equimolar mixture. This is also a valid explanation for the significant decrease
on the CNR-115 adsorption compared to RX 1.5.

In addition to the adsorbed quantity, the adsorbent preference for carbon dioxide
over methane is a very important indicator of the performance on the CH4/CO2

separation. The selectivity factor is then defined by equation 7.10,

o Yi/Y;

S, — (7.10)
x;/T;

Where S;/; is the selctivity factor for the 4/j separation. On this equation, i
stands for CH,4 and j for CO5, the CH4 and CO4 bulk phase mole fractions are

represented by y; and y; and the adsorbed mole fractions by x; and x;.
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Figure 7.6: CH4/CO; selectivity factor at 303 K for activated carbons: RX 1.5
(black), CGran (red), GAC 1240 (green), CNR-115 (blue) and ROx 0.8 (yellow).

Dashed lines are added for visualization purposes.

Figure 7.6 presents the selectivity factor obtained for the activated carbons over
the studied pressure range. On this figure, an enhancement of the selectivity of
the activated carbons with increasing of the gas pressure can be observed for GAC
1240, CGran and ROx 0.8, explained by the shape of the adsorption isotherms,
the adsorbed gas quantity grows steeper for carbon dioxide than for methane for
these ACs. The rise in selectivity with pressure is also reported to be related to
intermolecular cooperative (energetic) effects [55]. At small pressures the interaction
of the gas molecules with the adsorbent is predominant, thus the CO5 molecules are
preferentially adsorbed on the pores surface due to stronger adsorbent-adsorbate
interactions. Activated carbons RX 1.5 and CNR-115 present a more developed
microporosity with pores under 1 nm (Fig. 7.2), at low pressure the flat and smaller
carbon dioxide molecules can easily diffuse in the micropores, at higher pressures,
methane molecules are compressed resulting in an increase of their concentration on
the adsorbed phase and consequently in a lower selectivity factor. In addition, their
high surface area also lowers their selectivity by a weakening of the influence of the
adsorbent-adsorbate interaction strength upon the overall adsorption process [40].
The highest selectivity factor at high pressure was found for the activated carbon
ROx 0.8 an activated carbon with a mild surface area (1323 m? g ~') and the lowest
mesopore volume (0.16 cm3) between the activated carbons. In contrast with the
other samples, this carbon showed an important presence of sulfur surface groups
during the TPD-MS analysis (SOg total desorbed quantity: 0.24 mol g=1), the
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existence of S-based surface groups has been found to increase the surface basicity
thus resulting in higher CO2 adsorption and CH4/CO2 selectivity [56, 57].

Finally, the surface chemistry of the activated carbons have been reported to have
an effect on the selectivity [40, 58], in particular, the presence of basic functionalities
is reported to increase selectivity on the low pressure range. In this work, no direct
relationship between the presence of such groups and the selectivity was found,
instead, the selectivity of the studied activated carbons seems to be given by a
mixture of factors including micropore volume, pore size, surface area and surface
chemistry. With selectivity been enhanced by small surface area, narrow pore size
distribution at an optimal average pore size of 0.8 nm and the presence of basic

surface functionalities.

7.5 Conclusions

The present work provides a comprehensive analysis of the mayor factors influencing
the adsorption capacity and selectivity of the carbon dioxide and methane mixture
onto activated carbons. To this end, the equimolar CH,/COy binary mixture ad-
sorption isotherms were obtained for a set of five activated carbons on the pressure
range of 0 to 3 MPa. The presence of basic functionalities had a possitive effect
on the carbon dioxide adsorption capacity. In addition, higher surface area resulted
in increased mixture adsorption capacity, however, it’s effect was detrimental for
the gas separation process, i.e. the adsorption capacity of methane was also in-
creased reducing the adsorbent selectivity. Overall, a mix of textural and chemical

properties was found to be responsible the selectivity of an adsorbent.
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Appendix

Table 7.3: RX 1.5 Adsorption data for each component of the CHy/COq equimolar
mixture at 303 K

RX 1.5

P Nege CHy Neze CO2 Nege TOT

F.S.
(MPa) (mol kg=!) (molkg™!) (mol kg™1) Yyerms  Ycoz  TCH4  TCO2

0,2052 1,2441 1,2622 2,5063 0,5036  0,4964 0,4964  0,5036 1,02
0,5234 1,9505 3,0525 5,0030 0,5155 04845 0,3899 0,610 1,66
0,7737 2,3566 3,8819 5,0741 0,5380 04611  0,3777  0,6223 1,92
1,1546 2,9535 4,3765 7,3301 0,5205 0,795  0,4029  0,5971 1,60
1,5371 3,5132 4,7739 8,2871 0,5008  0,4992 04239 05761 1,36
1,9547 3,9957 5,1547 9,1503 0,956 05044  0,4367 0,5633 1,26
2,3429 4,2073 5,4857 9,7830 0,4997 05003  0,4393  0,5607 1,27

Uncertainties: AT=0.2 K, AP=0.01 MPa, An/n=1%

Table 7.4: CGran Adsorption data for each component of the CH,/COq equimolar
mixture at 303 K

CGran

P neze CHy Neze CO2 nege TOT

F.S.
(MPa) (mOI kg_l) (mOl kg_l) (mol kg_l) YcH4 Ycoz2 TCH4 TCco2

0,2741 0,6353 0,7634 1,3987 0,5458  0,4542 04542 05458 1,44
0,4953 0,7355 1,4022 2,1376 0,5345 0,655 0,3441  0,6559 2,18
0,7369 0,8437 1,9722 2,8159 0,5274  0,4726  0,2996  0,7004 2,60
1,0465 0,9544 2,4035 3,3579 0,5196  0,4804  0,2842 0,7158 2,72
1,3864 1,0073 2.8711 3,8784 0,5133  0,4867 02597  0,7403 3,00
1,7355 0,9985 3,2055 4,2940 0,5115 04885 0,2325 0,7675 3,45
2,0977 0,9558 3,7111 4,6669 0,5095  0,4905 0,2048 0,7952 4,03
2,7128 0,7547 4,4094 5,1641 0,5075  0,4925 0,1461 0,8539 6,02

Uncertainties: AT=0.2 K, AP=0.01 MPa, An/n=1%
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Table 7.5: GAC 1240 Adsorption data for each component of the CH4/CO4 equimo-
lar mixture at 303 K

GAC 1240

P Negpe CHy Neze CO2 Nege TOT

F.S.
(MPa) (molkg=!) (molkg~!) (molkg-') YoH4 Yooz TCH4  Tcoz

0,3701 1,3821 1,7658 3,1478 0,5609  0,4391 04391 05609 1,63
0,5956 1,4565 2,5465 4,0031 0,5455 04545 0,3639  0,6361 2,09
0,8475 1,4567 3,3044 4,7610 0,5356  0,4644  0,3060 0,6940 2,61
1,1765 1,4955 3,8565 5,3519 0,5256 04744  0,2794 0,7206 2,85
1,4991 1,6203 4,2295 5,8499 0,5355  0,4645 02770  0,7230 3,00
1,8955 1,5965 4,6456 6,2422 0,5105 04895 0,2558 0,7442 3,03
2,3293 1,5611 5,0742 6,6353 0,5088  0,4912 02353  0,7647 3,36

Uncertainties: AT=0.2 K, AP=0.01 MPa, An/n=1%

Table 7.6: CNR-115 Adsorption data for each component of the CH4/CO2 equimolar
mixture at 303 K

CNR-115

P Neze CHy Nege CO2 Nege TOT

F.S.
(MPa) (mol kg=!) (molkg=!) (mol kg™1) Yons Yooz  TcHa  TCO2

0,2161 0,8356 0,8515 1,6872 0,5047  0,4953  0,4953  0,5047 1,03
0,4545 1,1345 1,8357 2,9702 0,5245  0,4755 0,3820 0,6180 1,78
0,8097 1,6295 2,8457 4,2752 0,5335  0,4665 0,3641 0,6359 1,99
1,1745 2,0943 3,2647 5,3590 0,5142  0,4858  0,3908 0,6092 1,64
1,5724 2,5574 3,5314 6,0888 0,5005  0,4995  0,4200 0,5800 1,38
1,9456 2,8433 3,8085 6,6517 0,5005  0,4996  0,4274 055726 1,34
2,3211 3,1580 4,0862 7,2442 04997 05003  0,4359  0,5641 1,29

Uncertainties: AT=0.2 K, AP=0.01 MPa, An/n=1%

147



Chapter 7. Experimental Determination of the CH,/CO4 Selectivity of
Commercial Activated Carbons

Table 7.7: ROx 0.8 Adsorption data for each component of the CH4/CO4 equimolar
mixture at 303 K

ROx 0.8

P Nege CHy Negze CO2 nege TOT

FS.
(MPa) (molkg=!) (molkg~!) (molkg-') YoH4 Yooz TCH4  Tcoz 5

0,2702 1,4143 1,4886 2,9029 05128 04872 0,4872 05128 1,10
0,5465 1,7155 2,7655 4,4809 05257 0,4743 03828 0,6172 1,78
0,7958 1,8543 3,5267 5,3810 0,5364  0,4636  0,3446  0,6554 2,20
1,2156 1,6456 4,6947 6,3403 0,5315  0,4685 02596 0,7404 3,23
1,6161 1,4644 5,4755 6,9399 0,5305  0,4695 02110 0,7890 4,22
1,9901 1,3953 5,7806 7,1759 05256  0,4744  0,1944 0,8056 4,59
2,3297 1,3215 5,9427 7,2642 05111  0,4889  0,1819 0,8181 4,70

Uncertainties: AT=0.2 K, AP=0.01 MPa, An/n=1%
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Chapter 8. CH4, CO4 and N5 adsorption by Modified Activated Carbon

Chapter Outlook

So far, this work has highlighted the advantages of activated carbons (ACs) for CHy
and COq adsorption, they have developed textural properties and thus, high gas
adsorption properties. However, the surface of pristine ACs is not vigorous enough
for specific adsorbent-adsorbate interactions and for the selective adsorption of COq

over other gas molecules.

An additional advantage of this adsorbents is the possibility to modify their
surface chemistry and porous properties by changing the activation conditions or
alternatively by applying a post-synthesis treatment. In this context, surface modi-
fication processes, such as an increase of the surface basic functionalities are thought

to improve the affinity between the adsorbent and carbon dioxide.

The present chapter presents preliminary results for the selective separation of
CH4/COg by a modified version of activated carbon CNR-115. This activated car-
bon was chosen due to its high pure CO5 adsorption capacity and developed textu-
ral properties, it also presented a low selectivity for the CH,/COq separation giving

room for improvement.

The results clearly indicate an enhanced selectivity of the modified sample, reach-
ing a CH4/COq selectivity factor of 33.

Introduction

Natural gas (NG) world consumption and production have seen a 16% and 20%
increase respectively in the time period from 2006 to 2016 due to its higher energy
density and lower emission of green house gases (GHG) compared with coal and oil
1, 2].

Natural gas from underground fields main component is methane (up to 95%)
with a minor presence of higher molar mass hydrocarbons (Cay ), nitrogen (Ng) and
carbon dioxide as impurities [3]. To meet the pipeline-quality requirements, nitrogen

and carbon dioxide content must be under 4% and 2% respectively.

An alternative to the use of natural gas is the production of biomethane from
biogas by an upgrading process consisting in bringing its methane content up to 98%
by the removal of unwanted compounds such as carbon dioxide (COz), nitrogen (N2)
and oxygen (Og). The obtained biomethane can then be used as a vehicular fuel or

be inserted into the natural gas pipeline mix [4].

Adsorption based separation of impurities from natural gas and biogas have
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advantages over other reparation techniques (e. g. water scrubbing, organic mem-
branes and amines scrubbing) such as low investment and operation costs, low energy
consumption and environmental friendliness. Its efficiency relays on the capacity of
an adsorbent material to selectively retain one or more of the gas mixture compo-
nent(s) [5].

Activated carbons high surface area and developed microporosity makes them
excellent candidates for CO5 capture and separation, however they present a major
drawback for its application in natural gas upgrading: a low CH,/COq selectivity
in comparison with other adsorbents such as zeolites and carbon molecular sieves
(CMS) [6]. Nevertheless, the activated carbons surface can be manipulated through
post-synthesis physical (heat treatment), chemical (acid, basic, impregnation) and
biological modification (or by a mix of these) to improve their selectivity towards

an specific gas [7].

Due to carbon dioxide Lewis acid behavior, the introduction of basic surface
functionalities such as nitrogen (N) containing groups has been proposed as a way

to increase the affinity between activated carbons and COs [8, 9, 10].

The present chapter aims to study the CO5, CHy4 and N adsorption behavior
of an N-modified activated carbon by a post-treatment method comprising the oxi-
dation of the char followed by ammonia (NHg) impregnation. To this end, the pure
components and CH,/CO5 equimolar mixture adsorption isotherms were obtained
on the pressure range of 0.1-3.0 MPa at 303 K. The presented preliminary results

indicate a superior separation selectivity for the N-modified activated carbon.

8.1 Methodology

8.1.1 Activated carbon modification

Activated carbon CNR-115 has the highest surface area (1714 m? g=!) and micro-
pore volume (0.64 ¢cm® g=1) of the adsorbent materials analyzed in this work (see
Chapter 5), its developed textural properties resulted in a poor selectivity (F.S. <
2) for the CH,4/COg separation (see Chapter 7). For these reasons it was chosen to
undergo a surface modification process roughly consisting of oxidation with HNOg
followed by NHs impregnation. The N-modified activated carbon is here labeled as
CNRog.
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Figure 8.1: Schematization of the high pressure manometric adsorption device cou-

pled with gas chromatography

8.1.2 Determination of adsorption isotherms

CHy, CO9 and Ng pure gas adsorption isotherms were obtained following a mass
balance principle based on the gas expansion from a reference volume to a volume
containing the adsorbent material under isothermal conditions at 323 K on the

pressure range from 0 to 3 MPa (see section 2.1 for more detail).

In addition, the gas mixture adsorption isotherms were obtained using the home-
made manometric adsorption device described in section ??. The methodology
roughly consisted in expanding the equimolar CH4/CO gas mixture from a dosing
volume Vg, to an adsorption cell V4, via a step-by-step method at 323 K and up
to 3 MPa. The equations employed for calculating the number of adsorbed moles of

each gas from the mixture can be found in section 77?.

8.2 Results

The pure gas adsorption isotherms are shown in Figures 8.2-8.4. An important
loss of adsorption capacity after activated carbon modification can be depicted for
both carbon dioxide and methane. It has been reported that upon modification
with nitrogen functional groups, the surface area and pore volume of an adsorbent
material is reduced by a pore filling effect of the modifying molecule [12]. The
adsorbed quantity was found to be maximal for carbon dioxide and to decreases in
the order of CO5 > CHy4 > N». It can also be noticed that the saturation of the
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Table 8.1: Methane adsorbed quantity

sample Nads at 1 MPa ng.qs at 3 MPa

(mol kg™1) (mol kg™1)
CNR - 115 3.1 4.8
CNRoy 0.9 1.2

adsorbent happens at higher pressure for nitrogen (= 2.5 MPa) than that of carbon
dioxide and methane (= 1 MPa).
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Figure 8.2: Methane adorption isotherm on N-modified activated carbon CNR,, at
303 K. Methane adsorption isotherm of unmodificated activated carbon CNR-115

as shown on Chapter 5 are added as reference.

In addition, Tables 8.1 to 8.3 display the gas adsorbed quantities at near at-
mospheric pressure (1 MPa) and at high pressure (3 MPa). The difference in the
adsorbed amount between the virgin CNR-115 and the N-modified CNR,x is higher
for methane than for carbon dioxide, e.g. at high pressure the adsorption of methane
is reduce 4 times, while that of carbon dioxide is reduced by a factor of X 3, indicat-
ing a gain of selectivity towards COq of the adsorbent by the surface modification
process.
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Table 8.2: Carbon dioxide adsorbed quantity

sample Nads at 1 MPa ng.qs at 3 MPa

(mol kg™1) (mol kg™1)
CNR - 115 7.01 12.2
CNRoz 3.0 4.1
14
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Figure 8.3: Carbon dioxide adorption isotherm on N-modified activated carbon
CNRye at 303 K. Carbon dioxide adsorption isotherm of unmodificated activated

carbon CNR-115 as shown on Chapter 5 are added as reference.
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Figure 8.4: Nitrogen adorption isotherm on modified activated carbon CNR,, at
303 K.

The equimolar CH4/COg4 adsorption for N-modified AC CNR,g is represented in
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Table 8.3: Nitrogen adsorbed quantity

sample Nads at 1 MPa ng.qs at 3 MPa
(mol kg™1) (mol kg™1)

CNRo» 0.28 0.4

Figure 8.5. Although Figure 8.3 shows a prominent decrease of the carbon dioxide
pure gas adsorption capacity, the carbon dioxide adsorption from the gas mixture
saw an increment from the unmodified sample. On the other hand, the adsorption
of methane from the equimolar mixture was found to be negligible for CNR,, in-
dicating that even though the total adsorption capacity was reduced upon surface
modification, the vast majority of adsorbed gas is carbon dioxide resulting in an
increased CO4 adsorption capacity from the mixture from the one found for the un-
modified sample. The CH4/CO2 was calculated to be 33 at 1 MPa for the N-modified
activated carbon, a huge improvement from the selectivity of the unmodified sample

that showed a maximum selectivity of 2 (see Chapter 7 Fig 5.6).
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Figure 8.5: Adsorption of individual components of the CH, /COq equimolar mixture
at 303 K by activated carbon CNR,, at 303 K. Results for unmodificated activated
carbon CNR-115 as shown on Chapter 7 are added as reference.

8.3 Conclusions

Surface modification by ammonia of activated carbon CNR-115 resulted in a loss

of adsorption capacity of CH4 and COs, however the modified material proved to
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be highly selective for the CH,/COq separation, i.e the adsorption of methane was

found to be negligible. Although the total adsorption capacity was decreased for

CNRoxz, the adsorption of carbon dioxide from the gas mixture was found to increase

with respect to the unmodified sample. The results here shown are very promising, a

continuation of the work on modified activated carbons (modification of other ACs,

characteriwation of the modified material and dynamic adsorption mesurements) is

foreseen for the following months after the presentation for evaluation of this thesis

project.
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Conclusions

Activated carbons are highly versatile materials, presenting a wide range of surface
areas (up to 3000 m? g=—1) and tunable pore size distribution that makes them suit-
able for numerous adsorption applications. They have been proposed as promising
materials for the separation of CH4/COg in the framework of biogas upgrading, a
process that results in the production of biomethane, a highly purified methane gas

stream used as a renewable source of natural gas and vehicular fuels.

A series of adsorption experimental works aiming for the study of the two first
adsorption performance indicators (adsorption capacity and selectivity) for the CHy

and CO, adsorption by activated carbons are compiled in this manuscript.

The pure gas adsorption experiments carried out using both commercial and
non-commercial biomass-based activated carbons (Chapters 5 and 6) allowed us to
establish the factors affecting the maximum adsorption capacity of the adsorbents.
In this context the effect of the activation method, textural properties and surface

chemistry was depicted, mainly:

e A high surface area and micropore volume in activated carbons enhance the

methane and carbon dioxide pure gas adsorption.

e There is no direct relationship between the presence of mesopores in the ad-
sorbent and the adsorption properties, however their presence is necessary for

the diffusion of the gas molecules into the smaller pores.

e The presence of basic surface functionalities improves the CO5 adsorption
capacity due to the presence of a quadrupole moment on the gas molecule

that gives it a lewis acid behavior.

e The textural and chemical properties that determine the adsorption capacity of
activated carbons can be modified by changing the activation method and/or
activation conditions, which allows to produce adsorbent materials with the

specific properties to increase the adsorption of a given compound.

e AC’s can be produce of any carbonaceous material with high carbon percentage
and low ash content such as agricultural by-products in a process that allows
the production of cheap environmentally-friendly adsorbent materials while

reducing the disposal of wastes.

Once that the pure gas adsorption influencing factors were characterized, Chap-
ter 7 follows with the study of the CH,/COg separation selectivity indicator of the
gas separation performance of the samples. The main conclusion obtained from this

research are:
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e When the two gases are present simultaneously a high surface area and de-
veloped porosity allow higher adsorption capacity in exchange, they reduce
the separation performance of activated carbons, i.e. a higher volume of both

gases is adsorbed with low selectivity factors.

The culmination of this work, and its main scientific contribution lays on its
proposition of a new adsorbent material with enhanced adsorption properties pre-
sented on Chapter 8. Based on the results obtained on the previous sections, a com-
mercial activated carbon was successfully modified by a post-synthesis treatment
consisting in the oxidation of the sample using HNOj3 followed by NHjs treatment.
The results indicate an important rise on the AC CHy/CO4 selectivity reaching a
remarkable value of 33 (selectivity factor). This value is in fact, between the highest

reported values found in the literature for activated carbons.

This work presents highly promising results on the field of adsorption based
upgrading of biogas which rise the needs for future work, mainly on the following

areas:
e Reproducibility test of the surface modification method by the study of differ-
ent activated carbons.

e Determination of the influence of humidity on the adsorption capacity and

selectivity of the adsorbents.

e Design of an adsorption device coupled with calorimetry measurements for
calculating the heat of adsorption of each process and thus the regeneration

energy costs.
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Conclusions Générales

Les charbons actifs sont des matériaux tres polyvalents, avec une large gamme de
surfaces spécifiques (variant de 500 & 3000 m? g=!) et une distribution de taille de
pores adaptable a différents besoins ce qui en font des adsorbants appropriés pour
de multiples applications et notamment la séparation du dioxyde de carbone dans

les mélanges CH4/CO2 constitutifs du biogaz.

A Tissue de ce travail de these mené sur des charbons commerciaux et sur des
charbons synthétisés a partir de biomasse et activés a partir de différents procédés,
les principales conclusions concernant la capacité de stockage des corps purs sont les

suivantes :

e une surface spécifique élevée et une microporosité développée s’averent étre les

contributions majeures a I’adsorption du CHy et du CO5 purs ;

e si la présence de mésopores n’a pas influencé directement 'adsorption de ces
deux gaz, cependant, un volume mésoporeux minimal est nécessaire pour fa-

ciliter la diffusion des molécules de gaz dans les pores de tailles plus petites
e en plus des propriétés texturales, la présence de fonctionnalités basiques sur
la surface des charbons actifs (CAs) favorise 'interaction avec le moment

quadripolaire du COg et se traduit par une affinité plus élevée et de fait une

capacité d’adsorption en COg sensiblement augmentée ;

e les propriétés chimiques et texturales qui déterminent la capacité d’adsorption
des charbons actifs sont modifiables par le changement de méthode d’activation
et/ou des conditions d’activation. Ce qui permet la synthése de matériaux

adsorbants adaptés a chaque application ;

e de plus, ces adsorbants peuvent éetre fabriqués a partir de toutes matieres
contenant un pourcentage élevé de carbone et une faible teneur en cendres,
ce qui rend 1'utilisation de sous-produits agricoles intéressante car elle est peu

coliteuse et écologique.

L’étude de mélanges équimolaires CH4/CO9 a permis de dresser les conclusions

suivantes :

e en présence du mélange, comme dans le cas des corps, les propriétés texturales
(laire superficielle BET) favorisent 1’adsorption COy/CHy, sans modifier la
sélectivité de maniere notoire. Les sélectivités obtenues pour les différents

charbons, oscillant entre 3 et 5, représentent la principale limitation des CAs ;
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e la fonctionnalisation du CA avec un procédé d’oxidation et imprégnation a
I'ammoniaque a permis d’augmenter la sélectivité jusqu’a des valeurs de 30
qui sont parmi les meilleures reportées dans la littérature pour des charbons
actifs. Il s’agit, a notre sens, d'un résultat original qui représente 'apport

scientifique majeur de cette these ;
e ce procédé de fonctionnalisation diminue l'adsorption de CHy sans affecter

celle de CO4 ce qui permet 'augmentation de la sélectivité.

Ce travail ouvre des perspectives prometteuses de travail, parmi lesquelles on

mentionnera prioritairement les lignes de travail suivantes :

e la reproductibilité du procédé de fonctionnalisation a partir de 1’étude de

plusieurs échantillons de charbons ;

e l'influence de la teneur en eau sur les capacités d’adsorption et sur les sélectivités
3

e la détermination des enthalpies d’adsorption afin d’évaluer la cott de régénération.
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