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Abstract: The aim of the present study is to provide new insights into the CO2 and CH4 adsorption
using a set of biomass-based activated carbons obtained by physical and chemical activation of
olive-stones. The adsorption behavior is analyzed by means of pure gas adsorption isotherms up
to 3.2 MPa at two temperatures (303.15 and 323.15 K).The influence of the activation method on
the adsorption uptake is studied in terms of both textural properties and surface chemistry. For
three activated carbons the CO2 adsorption was more important than that of CH4. The chemically
activation resulted in higher BET surface area and micropore volume that lead to higher adsorption
for both CO2 and CH4. For methane the presence of mesopores seems to facilitate the access of the
gas molecules into the micropores while for carbon dioxide, the presence of oxygen groups enhanced
the adsorption capacity.
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1. Introduction

As part of the efforts being made to fight climate change, governments of 195 countries signed
the Paris agreement in which they agreed to keep the increase in global average temperature well
bellow 2◦C from the preindustrial temperatures [1]. In order to meet with this target, the EU set a
20-20-20 goal: 20% increase in energy efficiency, 20% cut in 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 degadated by micro-organisms
under anaerobic condition in a process known as anaerobic digestion (AD); its main components are
methane (CH4) in a concentration of 50 to 70%vol. and carbon dioxide (CO2) ranging from 30 to 45%
vol. Collected biogas can be directly burned to produce electricity with an efficiency of roughly 38%
[3]. Alternatively, the energy density of biogas can be increased by an upgrading process in which the
non-combustible gas (CO2) and some present impurities are separated to produce a highly purified
methane stream (around 98% purity) known as biomethane which can function as a vehicle fuel or be
injected into the natural gas grid.

The use of biogas and biomethane as alternative energy source has gained attention, its
implementation results in the reduction of greenhouse gases from both the burning of fossil fuels and
from the landfill of organic wastes accounting for 3.2% of the total GHG emissions of the EU. In Europe
more than 90% of the produced biogas is already being use for electricity generation and the upgrading
of biogas is being more and more promoted [4]. EU energy production from biomethane rose from
752 GWh in 2011 to 17,264 GWh in 2016 (+16,512 GWh). Moreover, in 2016 biomethane production in
Europe increased by 4,971 GWh (+40%) proving an accelerated development in the sector [5].
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Adsorption based processes have been widely explored for the upgrading of biogas due to
their relatively low energy requirements and capital investment cost, flexibility of design, safety and
simplicity of operation, as well as a high efficiency [6]. On this type of separation technology, the
components of a gas mixture are separated based on their molecular characteristics and affinity to
an adsorbent material. For this purpose, a variety of materials have been studied including zeolites
[7–9], carbon molecular sieves (CMS)[10–12], metal organic frameworks (MOFs) [13–15] and activated
carbons (AC)[16–18].Among this materials, activated carbons present advantages in terms of (i)
hydrophobicity, no need of water removal step before upgrading, (ii) low heat of adsorption, low
energy of regeneration, (iii) possibility of heteroatoms functionalization to modify their adsorption
behavior and (iv) high CO2 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
precursor material.

The use of agro-industrial wastes as an alternative precursor material to coal and wood for
activated carbon production has been widely studied [20–23]. This waste-valorization process could
reduce the environmental and economic costs associated with the precursors while eliminating the
need of disposal or incineration of unwanted agricultural by-products[24]. In particular, olive stones
are seen as suitable precursors, giving activated carbons with high adsorption capacities, important
mechanical strength and low ash content[25].

On the present work, the CH4 and CO2 adsorption capacity of three different activated carbons
prepared from olive stones under activation conditions are evaluated by means of adsorption isotherms
on the pressure range of 0 to 3,3 MPa at two working temperatures (303.15 and 323.15 K). Results are
discussed in terms of samples textural properties and surface chemistry.

2. Materials

2.1. Sample Preparation

Three activated carbons were prepared using olive pomace as precursor, two were obtained
by physical activation and one by chemical activation. Prior to the activation procedures, the raw
materials, provided by an olive oil factory located in Zarzis (Tunisia) were throughly washed with
hot distilled water, ambient dried (24 h) and crushed obtaining 1-3 mm particles. The activated
carbons preparation method is summarized in this section, while the complete description can be
found elsewhere [26].

2.1.1. Physical Activation

Physical activation was carried out by a 2 hours carbonization step at 600 ◦C under nitrogen flow,
followed by the activation step at 750◦C. On this step nitrogen was change to either water vapor or
carbon dioxide and kept on a constant flux for 6 hours. Samples obtained on this way are denoted as
AC-H2O and AC-CO2 respectively.

2.1.2. Chemical Activation

The olive stones were immersed in an orthophosporic acid aqueous solution (50% w/w) at the
weigh ratio of 1:3. The mixture was kept stiring at 110 ◦C for a total duration of 9 hours, after this
period the solution was filtrated and dried and carbonized at 170 ◦C for 30 minutes plus 150 min at
410◦C. Finally the sample was washed with distilled water and dried at 110 ◦C. The sample, referred
as AC-H3PO4 had a chemical activation yield of 33 wt%.

2.2. Samples Properties

The characterization of the obtained activated carbons was done by means of textural properties
(such as surface area and pore volume) and surface chemistry, this results can also be found on a
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previous work [26]. The obtained textural properties of the three activated carbons are summarized
in Table 1.The obtained activated carbons are mainly microporous, with the AC-H2O having also
an important mesoporous volume (Vmeso=0.30 cm3 g−1). The presence of mesoporous volume on
water vapor activated carbons due to a higher gasification of the carbon source of the precursor has
been previously reported [26,27]. On the other hand, the chemical activated carbon AC-H3PO4 has
significantly higher BET surface area (SBET) and micropore volume Vµ that the physical activated ones
in agreement with the literature [28].

Table 1. Textural Properties of Carbon Materials

Sample SBET (m2 g−1) Vµ N2 (cm3 g−1) VTOT (cm3 g−1) Vmeso N2 (cm3 g−1)

AC-H3PO4 1178 0.45 0.49 0.04

AC-CO2 757 0.30 0.32 0.02

AC-H2O 754 0.28 0.58 0.30

The surface chemistry of the adsorbent can be of great importance for the adsorption process,
for this reason the type and quantity of surface oxygenated groups was determined by means of
temperature programmed desorption coupled with a mass spectometer (TPD-MS) (see Table 2).
The TPD-MS diagrams can be found elsewhere [26]. When increasing the temperature the oxygen
surface groups decomposed in the form of carbon monoxide (CO) and carbon dioxide (CO2), with the
desoprtion temperature been an indicator on the type of decomposed functional groups, in example
the emission of carbon dioxide shows the presence of lactones, carboxilic acids and anhydrides while
groups like phenol, ethers and quinones result in carbon monoxide TPD peaks.

Table 2. Cumulated Amounts of the Emmited CO and CO2 During the TPD-MS Analysis of Carbon
Materials

Sample CO (mmol g−1) CO2 (mmol g−1)

AC-H3PO4 3.43 0.72

AC-CO2 1.06 0.38

AC-H2O 1.25 0.39

The chemically activated carbon presented the higher amounts of oxygenated groups, mainly
carboxilic acids quinones and anhydrides. Among the physically activated carbons, the water vapor
activation resulted in more surface oxygen in the form of phenol and carboxilic acids. Meanwhile,
carbon dioxide activation resulted in the formation of quinones, lactones and carboxilic acids on the
activated carbon surface [26] .

3. Experimental Methodology

3.1. High Pressure Manometric Adsorption Setup

The instrument used in the present study is a High Pressure (HP) manometric device. A
schematic view of this “homemade” apparatus is provided in Figure 1. The experimental setup
and the measurement principle have been previously described[29,30].

The fundamental elements of this apparatus are the dosing cell, Vdos, the adsorption cell, Vads and
a MKS pressure transducer baratron type 121 A (0.01% uncertainty in the full scale from vacuum to 3,3
MPa) connected to the dosing cell. The two cells are isolated by spherical valves, thus, limiting the
“dead space” volume. The whole system is placed under isothermal conditions through the use of
a heating wire controlled by a Eurotherm 3208 PID. Thermocouples located in several points of the
instrument allow to check the non-appearance of temperature gradients within the system. This set-up
is designed to operate over wide ranges of pressure (0 to 3.3 MPa) and temperatures up to 373,15 K.
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Figure 1. Schematic diagram of the HP/HT manometric adsorption set-up

3.2. Determination of Excess Adsorption

The experimental methodology applied for the adsorption isotherms measurement is based on a
mass balance principle. For each working temperature, the accesible volume,or void volume, when an
outgassed quantity of the adsorbent was present in the adsorption cell, was estimated by expansion of
Helium (He) from the dosing to the adsorption cell. Helium being considered as a non-sorbing gas. The
volume of the dosing cell was measured prior to the adsorption isotherms measurement by recording
the pressure changes when inserting known quantities of carbon dioxide (CO2) into the cell at constant
temperature, using the NIST Isothermal properties of carbon dioxide the corresponding volume was
calculated [31]. The uncertainty on the calculations of the void and adsorption cell volume was always
inferior to 0.5%. An outgassing process where the sample was kept under vacuum conditions at
473 K for 10 hours was performed before any experiment. For obtaining the adsorption isotherm an
accumulative process was followed, successive doses of the adsorbate (CH4 or CO2) were introduced
in the dosing cell and expanded into the adsorption cell. An increase of about 3 bars (0.3 MPa) is
implemented between each measurement. The stability of the pressure was the chosen indicator of
equilibrium conditions.

3.3. Parametrization of Excess Adsorption Isotherms

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

nexc = nL
p

p + pL

(
1 −

ρg(p, T)
ρads

)
(1)

expression in which, n exc is the adsorbed amount of gas (mol kg−1) at p (MPa); pL is the Langmuir
pressure, or pressure at which half of the adsorption sites are occupied (monolayer), nL is the maximum
Langmuir capacity which corresponds to the adsorption amount when all the monolayer is filled,
ρg is the gas density (kg m−3) at p and T, and ρads (kg m−3) the adsorbed phase density, was fixed
to be the inverse of the van der Waals volume of each gas or 373 kg m−3 for methane and 1027 kg
m−3 for carbon dioxide [32]. The Langmuir model has the advantage of taking into account the
volume of the adsorbed phase it also has a theoretical basis with other models such as Toth and Sips
being empirical. Initially developed for low pressures conditions, the Langmuir model can provide a
reasonable approximation of the excess adsorption isotherms at higher pressures [17].

The curves fit were obtained by a minimizing process of the root mean square error (RMSE)
provided by equation 2 [7]:

RMSE =
1
k
·

√√√√ k

∑
1
(nexp − ncalc)2 (2)

Where nexp and ncalc are the experimental and calculated adsorption amounts in mol kg−1 at a
pressure p and k is the number of data points on the adsorption isotherm.
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4. Results

The adsorption isotherms of both CH4 and CO2 were obtained for the three olive-stones based
activated carbons (Figs. 2 and 3) up to a pressure of 3.2 MPa and two working temperatures: 303.15
and 323.15 K with a reproducibility superior to 99% (average absolute deviation of less than 1%). The
adsorption isotherms were fitted by the Langmuir two parameters model (see Eq. 1), the obtained
fitting parameters and root mean square error (RMSE) are presented in Table 3 (CH4 adsorption) and
Table 4 (CO2 adsorption). The obtained RMSE values are smaller than 0.09 indicating a good fitting
procedure.

Figure 2. CH4 Adsorption isotherms at 303.15 K (open symbols) and 323.15 K (filled symbols) of
the activated carbons: AC-H3PO4 (black circles), AC-CO2 (red diamonds) and AC-H2O (turquoise
triangles). The obtained Langmuir fitting isotherms are shown by solid lines for each of the adsorption
isotherm.
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Figure 3. CO2 Adsorption isotherms at 303.15 K (open symbols) and 323.15 K (filled symbols) of
the activated carbons: AC-H3PO4 (black circles), AC-CO2 (red diamonds) and AC-H2O (turquoise
triangles). The obtained Langmuir fitting isotherms are shown by solid lines for each of the adsorption
isotherm.

From Tables 3 and 4 and Figures 2 and 3, a higher adsorption of carbon dioxide than methane can
be notice for the three AC, this is a normal behavior for activated carbons, the presence of a quadrupole
moment on carbon dioxide leads to higher interactions between adsorptive and adsorbent molecules.
In addition, the critical 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), therefore the carbon dioxide molecules behave
as condensable vapor while methane acts as suprecritical gas. For both adsorptives, the chemically
activated carbon AC-H3PO4 had the higher adsorption capacity, the adsorption tendency vary in the
following order: AC-H3PO4 (black) > AC-H2O (turquoise) > AC-CO2 (red). For all the adsorption
isotherms, a higher adsorption temperature resulted in a lower adsorption and lower maximum
adsorption capacity which is a classical behavior for physisorption.

Table 3. CH4 Adsorption Isotherms Langmuir Fitting Parameters

CH4 Adsorption

sample Temp. (K) nL (mol kg−1) ρL (MPa) RMSE

AC-H3PO4
303.15 6,518 0,932 0,042

323.15 6,369 1,182 0,037

AC-CO2
303.15 3,913 0,273 0,043

323.15 3,830 0,458 0,031

AC-H2O 303.15 5,417 0,714 0,067

323.15 5,301 1,011 0,056

One explanation for the higher adsorption of AC-H3PO4 can be given in terms of textural
properties of the samples (see Table 1), this chemically activated carbon has both the higher BET
surface area and micropore volume, both adsorption enhancing factors. A higher BET surface area
means more physisorption available sites, while a linear relationship between the micropore volume of
both methane and carbon dioxide has been reported [20,33]. The difference in the methane adsorption
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capacity between the physically activated carbons could be attributed to the presence of mesoporosity
on the structure of the water vapor activated carbon AC-H2O. Both physically activated carbons have
similar BET surface areas 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 CH4 than their totally microporous counterparts [34].

Table 4. CO2 Adsorption Isotherms Langmuir Fitting Parameters

CO2 Adsorption

sample Temp. (K) nL (mol kg−1) ρL (MPa) RMSE

AC-H3PO4
303.15 10,873 0,488 0,080

323.15 10,254 0,733 0,065

AC-CO2
303.15 5,878 0,181 0,059

323.15 5,191 0,273 0,020

AC-H2O 303.15 7,968 0,371 0,073

323.15 7,721 0,772 0,087

If the methane adsorption process by activated carbons is reported to be only influenced by the
structural properties of the material, the CO2 adsorption can also be related to the surface chemistry of
the material. The influence of the surface chemistry can be depicted by normalizing the CO2 adsorption
isotherms by the BET surface area (Fig. 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 volume. In
reality, the AC-H2O shows the higher adsorption. Chemical activation with phosphoric acid (H3PO4)
is reported to produce acid activated carbon surfaces[35], which seems to reduce the interactions
between the basic surface groups and the carbon dioxide molecules explaning its lower adsorption
when the textural effect is eliminated by normalizing the adsorption isotherms by the BET surface area.
However, the negative influence of acid surface groups on the AC-H3PO4 is small compared to the
effect of its higher surface area, thus showing a higher adsorption capacity (Table 4).

Among the two physical activated carbons AC-H2O has the highest quantity of oxygenated surface
groups (Table 2), which explains its dominant adsorption when BET normalized. An increase on the
CO2 adsorption capacity upon the presence of oxygen-containing surface functionalities by means
of acid-base interactions and hydrogen bonds formation between the adsorbate and the activated
carbons surface [36,37]. The high electronegativities of oxygen surface groups due to electron gain
from the carbon surface atoms gives them the possibility of electron-donation with the CO2 adsorbate
molecules acting then as basic groups. Furthermore,
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Figure 4. SBET normalized CO2 Adsorption isotherms at 303.15 K (open symbols) and 323.15 K (filled
symbols) of the activated carbons: AC-H3PO4 (black circles), AC-CO2 (red diamonds) and AC-H2O
(turquoise triangles).

5. Conclusions

The effect of the activation method on the adsorption behavior of carbon dioxide and methane
was studied. For both adsorptives the higher surface area and micropore volume of the chemically
activated carbon resulted in a higher adsorption capacity. The two physically activated carbons
had similar surface areas and micropore volume but nevertheless, the water vapor activated carbon
presented higher adsorption. Methane adsorption seems to be enhanced by the presence of mesopores
on the water vapor activated carbon which facilitates the gas difussion into the micropores. For carbon
dioxide adsorption the acid-basic interactions between the adsorptive molecules and the oxygen
surface groups are thought to enhance the adsorption capacity.
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