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Abstract: Biomass is a widely distributed and renewable source of carbon. The main
objective of this work is to produce an activated carbon from coconut shells with suitable
characteristics to separate CO: from biogas. The textural characterization of the adsorbent has
been determined. Pure component adsorption isotherms of CO: and CHs at 30, 50 and 70 °C
have been measured. Moreover, the performance of the produced activated carbon, as potential
adsorbent for CO2 capture from a CO2/CHs gas mixture has been evaluated under dynamic
conditions in a purpose-built fixed-bed setup.
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1 Introduction

Biogas is a biofuel that is naturally produced by decomposition of various types of organic
matter. Upgrading of biogas has gained important attention due to the steady growth in global
energy demand, coupled with the depletion of fossil fuel resources, their unaffordable prices
and the environmental damage they cause. Biogas consists mainly of methane and carbon
dioxide. The energy content of raw biogas is much lower than natural gas due to the presence of
carbon dioxide. Thus, to increase its heating value, the carbon dioxide content must be reduced.
On the economic side, the removal of COzis the most critical step in biogas upgrading.

Among the various processes proposed to remove CO: from biogas, namely adsorption,
absorption, membrane and cryogenic separation, pressure swing adsorption (PSA) processes
are often used [1-7].

The selection of the adsorbent is a key factor for the efficient operation of a pressure swing
adsorption unit. The properties of the adsorbents are one of the most important aspects of unit
performance for a determined cycle configuration [8]. A wide variety of solid adsorbents has
been investigated for the separation of CO:2 from gas streams, such as calcium oxides, zeolites,
activated carbons, hydrotalcites, metal-organic framework (MOF) materials and supported
amines [9]. The use of biomass as precursor for the preparation of carbonaceous materials for
greenhouse gas emissions abatement has shown a lot of interest [10-15].

It is well known that activated carbons can be synthesized from a wide range of precursors
given that they present low levels of inorganic compounds (ash content) and high carbon
content. Many carbonaceous materials such as peat, wood, lignite, coal and nut shells are being
used in the commercial production of activated carbons. The coconut shell is appropriate for the
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production of microporous activated carbons because of its excellent natural structure and low
ash content [16, 17].

Two conventional methods for biomass activation have been reported: physical and chemical
activation procedure. Chemical activation is considered an ineffective environmental procedure
as it uses solvents to dissolve reagents, extract and wash products, separate mixtures, clean
reaction apparatus and disperse products for practical applications. On the contrary, physical
activation is considered as eco-friendly compared to chemical activation. In this study, a single
step physical activation method was selected.

The main purpose of this work is to produce an activated carbon from dry coconut shells
(CNS) using a single step physical activation method and to evaluate the textural characteristics
and the performance of the produced adsorbent to separate CO2 from biogas streams.

2 Material and methods

2.1 Precursor material

Coconut shells were selected as precursor material for the preparation of the activated
carbon. The raw material was ground and sieved and a particle size between 1 and 3 mm was
selected. Proximate analysis was conducted in a Setaram TAG24 thermogravimetric analyzer
according to the UNE 32-004-84 standard. Ultimate analyses were carried out in a LECO VTF-
900 and in a LECO CHNS-932, respectively.

211  Non-isothermal profile

Non-isothermal mass loss profile of the precursor material in carbon dioxide atmosphere
was determined using a thermogravimetric analyzer (Setaram TGA92) in order to elucidate
optimal activation time and temperature.

The sample was placed in a platinum crucible (70uL) and was dried for one hour at 100 °C in
nitrogen flow; then the sample was heated up to 1000 °C at a heating rate of 15 °C/min under a
total flow rate of 50 mL/min of carbon dioxide (activating agent) and maintained at this final
temperature during 30 min.

2.2 Activated carbon production

Once the activation conditions were selected, the production of the activated carbon was
initiated. A vertical tubular kiln was used for that purpose. The sample was placed in a quartz
jacketed reactor and then introduced in the vertical tubular kiln. The experimental set-up has
been described elsewhere [18].

After a drying step, the reactor was purged with N2 for 30 minutes at room temperature to
remove air from the system, and then heated up to 900 °C at a heating rate of 10 °C/min with a
gas flow rate of 100 mL/min of carbon dioxide. The temperature was controlled by a
thermocouple introduced inside the reactor. The sample was kept at this temperature in carbon
dioxide atmosphere for 73 min. Then the gas was switched to nitrogen and the sample was
cooled down to ambient temperature.

The CO: adsorption capacity of the synthetized activated carbon was tested in a Setaram
TGA 92 thermogravimetric analyzer following the procedure described elsewhere [19].

2.2.1  Textural characterization

The produced activated carbon was characterized by physical adsorption of N2 at -196 °C in
a Micromeritics ASAP 2010 and adsorption of CO2 at 0 °C using a Micromeritics TriStar 3000
volumetric apparatus.

Prior to gas adsorption measurements, the sample was outgassed overnight at 100 °C under
vacuum. The total pore volume (Vp) was estimated from the amount of nitrogen adsorbed at a
relative pressure of 0.99. The Brunauer-Emmett-Teller (BET) equation was used to estimate the
apparent surface area using the N2 adsorption isotherms at -196 °C [20]. The helium density was
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measured using an Accupyc 1330 apparatus at 35 °C. Dubinin-Radushkevich (DR) equation
and Dubinin-Astakhov (DA) equations were used to calculate the micropore volume (Wo) [21]
assuming a density of the adsorbed phase of 0.808 cm3/g for N2 and 1.023 cm?/g for CO, a cross
sectional area of 0.162 nm? for N2 and 0.187 nm? for CO2 and finally an affinity coefficient of 0.34
for N2 and 0.36 for CO2. The average micropore width was calculated by means of the Stoeckli—
Ballerini relation [22]. The apparent density was determined at 0.1 MPa in a Micromeritics
Autopore IV 9500 mercury porosimeter.

2.3 Adsorption isotherms

In order to assess the performance of the prepared activated carbon for biogas upgrading,
pure COz and CHs adsorption isotherms measurements were carried out using a high pressure
magnetic suspension balance, Rubotherm-VTL

Three different temperatures (30, 50, and 70 °C) and pressure up to 10 bars were selected for
the study. Prior to adsorption, the measuring cell is filled with approximately 1 g of sample,
which is dried under vacuum at 100 °C for 120 min. The cell is then cooled down to the
measuring temperature, and then pressurized with the desired gas in a stepwise mode. The
variation of the weight of the adsorbent sample as well as temperature and pressure are
collected and recorded when equilibrium is achieved. Experiments with helium were
performed to account for the buoyancy correction. The absolute amount of CO2 and CHs
adsorbed over the pressure range tested were estimated following the procedure described in a
previous work [23].

2.4 Breakthrough measurements

In order to study the performance of the synthesized adsorbent for CO2/CHs4 separation
under dynamic conditions, breakthrough experiments with binary gas mixtures were
performed in a lab-scale fixed-bed reactor packed with the adsorbent material. The
experimental set-up is described in detail elsewhere [24].

The amount of gas flow into the fixed bed was monitored with a mini CORIFLOW meter
from Bronkhorst. The composition of the gas of the outlet flow was determined using a dual
channel micro-gas chromatograph, Varian CP-4900, fitted with a thermal conductivity detector
(TCD) in which He and Ar were used as the carrier gases.

The column was packed with the coconut shell activated carbon to evaluate the dynamics of
adsorption of CO: and CHs. A simulated biogas CO/CHs mixture (50/50 vol. %) was fed
(30 mL/min STP) to the adsorption unit and the adsorption performance of the sample was
evaluated under isothermal conditions (30 °C) and at atmospheric pressure. The adsorbed gases
were completely desorbed by flowing 50 mL/min STP of He and raising the temperature of the
bed to 180 °C under atmospheric pressure.

Six consecutive adsorption-desorption cycles were conducted to test the reproducibility of
the system, where adsorption proceeded until saturation and desorption was extended to full
regeneration of the activated carbon bed. During the adsorption step, the CO: and CHa
concentrations in the column effluent gas were continuously monitored as a function of time
(breakthrough curve), and equilibrium dynamic adsorption capacity of the adsorbent was
calculated after the outlet CO2 concentration equaled that of the inlet stream.

Breakthrough time, f, defined as the time it takes for CO: detection at the outlet adsorption
column, and equilibrium CO: adsorption capacity, were determined as an average of the values
obtained from the six consecutive cycles [25].

3 Results and discussion
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3.1 Precursor material

The results obtained from the proximate and ultimate analyses of CNS are summarized in
Table 1. Proximate analysis shows that coconut shells are characterized by low ash content
(0.42 wt. %), which is a desirable feature for activated carbons production. Ultimate analysis
shows that the raw material possesses a high carbon content (i.e. 51.6 wt. %) and low hydrogen
and oxygen contents. In addition, the absence of sulfur in the raw material eliminates the
possibility of sulfur dioxide emission during the production process. These data make CNS a
promising material to be used as an activated carbon precursor.

Table 1. Proximate and ultimate analyses of the raw coconut shells (CNS).

Proximate analysis (wt %) Ultimate analysis (wt %, daf)
Sample Moisture Ash (db) C H N S o
CNS 12.55 0.42 51.6 5.6 0.1 0 427

db: dry basis; daf: dry ash free basis.

3.1.1 Non-isothermal profile

Weight loss of the coconut shells during heat treatment under carbon dioxide is shown in
Figure 1. The figure shows that the greater weight losses for CCS mainly occur between 27 and
627 °C. The initial weight loss below 100 °C corresponds to moisture and other guest molecules
adsorbed on the material. Waste agricultural biomass commonly consists of cellulose, hemi-
cellulose and lignin. The second and third peaks in the DTG curve (derivative of the TG curve)
correspond to the decomposition of hemi-cellulose and that of cellulose, respectively.
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Figure 1. Mass loss and rate of mass loss profiles for CNS. The black line corresponds to the TG
curve and the red line represents the DTG curve.

Based on the experimental results of the mass loss profile, the activation temperature was set
at 900 °C and three activation times were selected, 35, 73 and 115 minutes, which correspond to
the following yields, as estimated from equation 1: 21.51, 16.92, and 10.47 %, respectively.

mass of the sample after activation (g)
- x100 €))
initial mass of dried sample (g)

Yield (%) = (

3.2 CNS activated carbon characterization and evaluation

3.2.1 Textural characterization
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Figures 2 and 3 show the adsorption isotherms of N2 and CO: at -196 and 0 °C, respectively,
on the activated carbon produced from CNS.

Based on IUPAC (International Union of Pure and Applied Chemistry) classification the N2
adsorption isotherm is of type L this indicates that the produced activated carbon is strictly
microporous. As can be noted from Figure 2, the nitrogen uptake is high at low relative
pressure (p/p° < 0.1) and can be explained by micropores filling. As expected, the use of CO:2 as
activating agent in a single step physical activation method mainly develops microporosity in
biomass activated carbons [26].
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Figure 2. Adsorption isotherm of N2 at -196 °C for the synthetized activated carbon.

CO2 adsorption in Figure 3 assesses the narrower microporosity (< 1 nm). The shape of the
CO: isotherm is characteristic of activated carbons with a wide narrow micropore size
distribution.
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Figure 3. Adsorption isotherms of CO:2 at 0 °C for the synthetized activated carbon.

As shown in Table 2, the BET surface area obtained, 1378 m?/g, is significantly high and it is
within the acceptable range for a commercial activated carbon (500-1500 m?/g). Micropores (Wo)
account for more than 85 % of the total volume of pores (Vp). It is also observed that average
narrow micropore size, Lo as estimated from CO: adsorption, is close to the average micropore
size, Lo as estimated from N2 adsorption.
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Table 2. Main textural characteristics of the produced CNS activated carbon.

Dubinin
Adsorbate  Vp (cm?/g) S Ber (M?/g)
n Smic (m?/g) Lo (nm)  Eo (kJ/mol) Wo (cm?/g)
N2 0.63 1378 2 1043 1.04 21.76 0.54
CO:2 - - 1.77 1126 0.84 24.22 047

3.22  Adsorption Isotherms

Three different models to account for the equilibrium of adsorption, namely Sips, Toth and
Dual-Site Langmuir (D-S), were used to fit the experimental adsorption isotherm data collected
at 30, 50 and 70 °C (equations 2- 8).

The first isotherm model used for the representation of the experimental data is the Sips
model whose equation is given as follow:

g-20) )

1+(bP)»

where g represents the concentration of the adsorbed gas and gs the saturation capacity, P the
adsorption pressure and b the affinity constant. The parameter n indicates the heterogeneity of
the system and its value is usually greater than unity; therefore, the larger the value of n, the
more heterogeneous is the system.

gs was considered temperature independent whereas n and b were considered temperature
dependent as shown in equations (3) and (4) [27].

b=b, exp [R%o(%_ H (3)

1=i+a[ -T?j (4)

In the equations above, bo, no and a are the constants associated with the temperature-
dependent equations; R is the ideal gas constant and T is the temperature. Q is the isosteric heat
of adsorption at a fractional loading of 0.5 and To is the reference temperature which, in this
case, is 30 °C.

The second isotherm model used for the fitting of the experimental data is the Toth model
which is represented by equation 5:

. b'P
g =q,—— (5

* t s

(P |
Where 4" is the concentration of the adsorbed species, ¢ is the saturation capacity and P is
the adsorption pressure. The parameters b* and ¢ are specific for the adsorbate-adsorbent pairs.

Thus, as n in the Sips equation, the parameter t characterizes the heterogeneity of the system.
However, t is usually less than unity.

As in the Sips equation, the temperature dependence of the equilibrium parameters in the
Toth equation must also be considered [27].
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t=t,+a -4 (6)

0

In equation 6, to and a” are the constants associated with the temperature dependency of .
The dependence of b* with temperature is similar to the dependence of b in the Sips model, but
in this case, Q accounts for the isosteric heat of adsorption at zero fractional loading.

Finally, the third isotherm model applied for the fitting of the experimental data is the Dual-
Site Langmuir model (D-S) (equation 7). This model describes the adsorption of a pure
component on a heterogeneous adsorbent which is composed of two homogeneous but
energetically different sites [28- 30]. All assumptions of Langmuir model apply to each site, with
no interactions between the two.

— qslblp + qubZP
1+HP 1+bP

(7)

where gs1 and g« are respectively the saturation capacities at sites 1 and 2, so the total
saturation capacity is the sum of those of each site (gs = gs1 + gs2); b1 and b are the affinity or free
energy parameters for sites 1 and 2, respectively, which are considered temperature dependent
as expressed in equation 8, where the subscript j represents the free energy level of site 1 or 2,
boj are the pre-exponential factors or the adsorption entropies, and E; are their corresponding
adsorption energies.

E.
b, =b,, exp[RTJ =12 (8)

The comparison between experimental and fitted data of adsorption of pure CO2 and CHs4 on
the CNS activated carbon is shown in Figure 4 and 5. The experimental adsorption isotherms of
pure CO:z and CHas on the CNS activated carbon at 30, 50, and 70 °C are shown as symbols. The
dashed lines with symbols correspond to the Sips, Toth and Dual Site Langmuir (D-S) model
fitting.

Adsorption capacity is one of the key factors to estimate the gas separation aptitude of an
adsorbent. As can be noted CO2 uptake capacities of CO2 and CHu increased by increasing the
pressure but decrease when the temperature increase. This is the expected behaviour for a
physical adsorption based process. The produced activated carbon presents a significantly higher
CO2 adsorption capacity when compared to that of CH4 over the entire pressure and temperature
range evaluated.
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Figure 4. CHs isotherm at different temperatures (dashed line with symbols for Sips, Toth and

Dual-Site Langmuir models fitting and symbols for experimental data).
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Figure 5. CO2 isotherm at different temperatures (dashed line with symbols for Sips, Toth and
Dual-Site Langmuir models fitting and symbols for experimental data).

Fitting of the models to the experimental data was done with the Excel tool Solver, and the
values of the different fitting parameters were calculated by minimizing the minimum residual
sum of squares (SSR) i.e., by minimizing the differences between the predicted and experimental
amounts adsorbed at all temperatures for a particular adsorbate-adsorbent system. The objective
function that was used in Solver is given by equation 9.

N
T z (qexp i qmod i
SSR (%) =Z"z1

U

%100 ©

Where gew,i and gmodi are the experimental and predicted amounts adsorbed, respectively, and
N is the number of data points.

Figures 4 and 5 show high degree of goodness of the fit between experimental and predicted
values for the three models. The optimal fitting parameters and the values of the minimum
residual sum of squares (SSR) are reported in Table 3.

Table 3. Fitting parameters of the dual-site Langmuir, Sips and Toth models to pure
component CO2 and CHsadsorption isotherms for CNS activated carbon.

Model Component T (°C) gs1, g2, gsand qs*  bi, b2, band b° n (Sips) a SSR
(mol/kg) (kPa) t (Toth) a- (%)
0.0137
30 0.0012 ) )
0.0078
CHa 50 1.00 6.63 0.0008 - - 0.04
0.0049
Dualsi 70 0.0006 ) )
ual-site 0 0.0235 ] ]
0.0017
0.0133
CO2 50 1.86 1050 0.0010 - - 0.20
70 0.0078 ) ]

0.0006
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30 0.0013 121
CHa 50 8.32 0.0008 1.20 0.25 0.03

. 70 0.0006 1.18

Sips 30 0.0016 1.30
CO 50 14.25 0.0009 1.31 0.22 0.12

70 0.0006 1.29

30 0.0022 0.54
CHs 50 11.64 0.0013 0.56 0.21 0.03

70 0.0008 0.57

Toth 30 0.0039 0.47
COn 50 2073 0.0022 0.47 0.12 0.13

70 0.0013 0.48

As can be noted in Table 3, the maximum adsorption capacities predicted by the three models
for CO2 are always much higher than those for CHa. Such difference in adsorption capacity is
advantageous for the separation via adsorption. The Toth’s predictions of the adsorbed amounts
at saturation are higher than those estimated by Sips and dual site Langmuir, respectively. This
difference can be explained by the fact that experimental data only correspond to fractional
loadings of up to about 0.5 [31].

It can be observed that the temperature increase reduces the values of b’, bi, b2 and b. This
suggests that an increase in temperature leads to less attracted molecules to the surface, in other
words, molecules have a weaker affinity towards the adsorbent at higher temperature.

The n constant in Sips model and the t constant in the Toth model reflect the degree of
heterogeneity of the system. As can be seen in Table 3, the heterogeneity of the system remains
practically unchanged with the temperature increase.

3.2.3  Breakthrough curves

Figure 7 shows an example of six-consecutive adsorption and desorption experiments for a
50/50 vol. % COz/CHabinary gas mixture fed to the fixed-bed adsorption unit at 1 bar. He was
used as carrier gas during the preconditioning and regeneration steps. It is observed that during
the initial period preceding the saturation of the bed, both components in the feed gas, CO2 and
CHys, are completely adsorbed on the CNS activated carbon bed. Then, as expected according to
the data from the adsorption isotherms (see Figures 4 and 5), CHa4 breaks through first.

The breakthrough curve of CHa exhibits a so-called roll-up (see Figure 7). This is due to the
displacement of the CHs adsorbed by preferential adsorption of COz. This phenomenon has been
previously reported for a similar separation in [32]. The preferential adsorption of CO2 over CH4
can be explained by the different adsorption strength of the two molecules. In Figure 6, it can
also be observed that the CNS activated carbon bed presents a stable performance in consecutive
cycling under fixed-bed operation.
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Figure 6. Complete breakthrough adsorption experiments consisting of six consecutive
adsorption-desorption cycles for a 50/50 vol. % CO2/CHa binary gas mixture at 1 bar. (Solid lines
with symbols represent the concentration profiles of CHs, CO2 and He. The blue solid line
represents the temperature).
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Figure 7. Breakthrough curves for a 50/50 vol. % CO>/CHa binary gas mixture at 1 bar. (Symbols
represent CO2 and CH4 concentrations for different cycles).

From Figure 7, it has to be noted that consecutive breakthrough curves overlap showing that
the adsorbent was totally regenerated in each cycle and it maintained a stable adsorption
performance over the six consecutive adsorption-desorption cycles. On the basis of the timing
observed in the CH: and CO: concentration fronts, the CO2/CHa separation is technical feasible
on the coconut shell-based activated carbon. For instance, the CO2 adsorption front reaches the
bed outlet after approximately 18 min whereas for CHs a much shorter time is required (6 min).

The CO2 and CH4 adsorption capacities of the produced activated carbon are estimated to be
1.86 and 0.52 mol/kg, respectively, at 30°C and 1 bar.
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For the design of the Pressure Swing Adsorption process, it is essential to determine
precisely the breakthrough time of CO: at the adsorption pressure chosen. This could be done
experimentally or using a simulation tool with a model already validated. CH4, separated from
COg, has to be collected from the bed exit during the period preceding the breakthrough of CO..
Just before CO:z breaks through, collection of CHs should be stopped and the bed undergoes the
next step according to the retained PSA cycle design (equalization, depressurization,
regeneration, etc.).

4 Conclusions

Coconut shells can be used as suitable raw material to produce a microporous activated
carbon for CO2 adsorption from biogas streams.

Pure component CO2 and CH4 adsorption isotherms were carried out at three different
temperatures. As expected, CO2 is the strongest adsorbate. Afterwards, breakthrough
experiments consisting of six consecutive adsorption-desorption cycles were conducted in a
purpose-built lab-scale fixed-bed reactor. The activity of the synthesized activated carbons was
maintained throughout the experiments, showing a very good cyclability and regenerability
under the evaluated conditions.

From the preliminary data presented, it can be concluded that the synthesized coconut shell-
based activated carbon shows suitable characteristics to be applied to the CO2 separation from
biogas streams. Further research is currently ongoing.
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