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a b s t r a c t

The present study aims at evaluating the suitability of producing activated carbons (ACs) derived from
wheat straw by a one-step synthesis approach, as an alternative to more conventional two steps pro-
duction processes (i.e., pyrolysis and subsequent activation). The performance of the produced ACs, in
one or two steps, as sustainable and selective CO2 adsorbents for CH4/CO2 separation is compared. In
addition, the influence of pyrolysis conditions on the properties of the resulting two-step ACs is carefully
analyzed. We show that the biochar-based precursors of ACs presenting the best textural properties were
obtained under mild conditions of maximum temperature and absolute pressure during pyrolysis. The
one-step ACs were fully comparable din terms of textural properties as well as CO2 uptake and
selectivityd to those produced by the more conventional two-step synthesis process. In addition, results
obtained from breakthrough curve simulations highlight that the best AC in terms of CH4 recovery under
dynamic conditions was produced by a one-step activation. Therefore, the one-step process appears to be
as an attractive route for the production of engineered carbon materials, which can lead to significant
cost savings in large-scale production systems.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Serious concerns about climate change and the growing global
energy demand have led to a great interest in renewable energies
[1]. One of the most attractive options is to use biofuels as a valu-
able alternative to widely used fossil fuels. Having a low environ-
mental impact, biofuels could contribute significantly to the
reduction of hydrocarbons, SOx and CO2 emissions [2]. Biogas,
mainly produced by anaerobic digestion processes [3], can certainly
be considered as a biofuel, due to its significant methane content.
Before being used as a biofuel, biogas needs to be refined by
reducing its CO2 content, in order to increase its heating value and
bring it closer to that of natural gas [4], and to reduce the risk of
pipeline corrosion in presence of water [5].

The most commonly used technologies for CO2 separation are
chemical absorption into aqueous amine blended solutions [6],
multistage membrane separation using polymeric materials [7],
joma@unizar.es (J.J. Many�a).

Ltd. This is an open access article u
and adsorption into porous materials in fixed beds [8]. The former
is considered the current benchmark technology, thanks to its level
of maturity reached after sixty years [9]. However, the main
drawback of this technology is the energy penalty associated with
the regeneration step [10]. Adsorption in porous solids appears as
an emerging alternative for CO2 separation, due to its relatively low
cost and high energy efficiency [11]. As potential adsorbents for
large-scale systems, activated carbons (ACs) has attracted
increasing interest in the last years, due to their relatively high CO2
adsorption capacity (over 2 mol kg�1 at ambient conditions
[12e14]), fast kinetics, thermal stability, chemical resistance and
relatively low costs (for production and regeneration) compared to
other adsorbents such as zeolites and metal organic frameworks
(MOFs) [5,15,16]. When used in biogas upgrading applications, ideal
ACs should exhibit high selectivity towards CO2, guaranteed by
appropriate pore size distribution (PSD) and surface chemistry [17].
However, designing adsorbents based on kinetics could be very
complex, as CO2 and CH4 molecules have very similar kinetic di-
ameters (0.34 and 0.38 nm, respectively) [16]. On the other hand,
CO2 is a polar molecule with a quadrupole moment of 13.4
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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10�40 cm2, whereas CH4 is non-polar. This significant difference in
polarity makes the presence of polar functional groups on the
adsorbent surface very useful to increase the CO2 selectivity [18] to
values higher than 8 [19,20].

Biomass is a sustainable way to produce ACs. In general, the
process consists of two main steps: pyrolysis and subsequent
activation. The former involves the thermal degradation of biomass,
resulting in a solid carbon precursor known as biochar. Given the
large number of variables influencing the pyrolysis process and the
wide variety of biomass sources, there are significant differences in
the final biochar properties [21,22]. With this in mind, optimization
of pyrolysis conditions is necessary to obtain the most suitable
biochar for its subsequent activation into porous carbon materials.
Since pristine biochar typically has a low specific surface area (SSA)
and a porous texture consisting mainly of narrow micropores [23],
a secondary activation step (physical or chemical [24,25]) is
required to accomplish further porosity development.

As an alternative to the two-step production process mentioned
above, biomass-derived ACs can also be synthesized by a one-step
thermochemical process. For this purpose, the highest pyrolysis
temperature has to be raised to more than 650 �C and the inert gas
atmosphere (usually N2) has to be replaced by an atmosphere
containing an activating agent (e.g., CO2, H2 or H2O). This process is
considered a very interesting solution in terms of energy recovery,
especially for large-scale production systems. The results of the
relatively few published studies on the production of ACs from
biomass by a one-step process [26e29] are certainly encouraging,
since similar or even better properties have been reported for ACs
produced in one step compared to traditional ACs produced in two
steps. For instance, Gonz�alez et al. [29], who produced olive stones-
derived ACs by one-step physical activation (with CO2 at 800 �C),
reported excellent CO2 uptakes (1.75mmol g�1 at 35 kPa and 25 �C).
Bergna et al. [30] carried out a study based on the comparison
between one-step and two-step production pathways, observing
that ACs produced through one-step activation generally had
higher surface areas as well as higher total pore volumes. In the
same study, the authors reported that the final carbon yield was
higher when ACs where prepared by two-step process, whereas no
significant differences were detected in the total carbon content
between the two types of activation.

In view of all the above, the aim of the present study is to
contribute to fill the gaps that still exist in establishing the most
suitable route for the conversion of biomass feedstock into ACswith
tuned porosity. To this end, a systematic and parametric study of
the effects of several pyrolysis conditions (maximum temperature,
absolute pressure, gas residence time, and type of pyrolysis atmo-
sphere) on the textural properties of the resulting wheat-straw-
derived ACs dproduced via pyrolysis and subsequent physical
activationwith CO2 at 800 �Cdwas performed. In addition, several
wheat straw-derived ACs were prepared through a one-step pro-
cess under different operating conditions (maximum temperature,
absolute pressure and CO2 content in the carrier gas). The most
promising ACs (i.e., those with the best textural properties for CO2
adsorption from both one-step and two-step conversion processes)
were then tested as selective adsorbents for CO2/CH4 separation.

2. Materials and methods

2.1. Biomass feedstock

The wheat straw (WS) pellets (7 mm OD and approximately
12 mm long, with an apparent density of 400 kg m�3) used as
feedstock in this work were described elsewhere [31,32]. Demon-
strating the real potential ofWS pellets in biogas upgradingwould be
of great importance in terms of circular economy for this abundant,
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autochthonous resource in Aragon (Spain), which represents a sig-
nificant share of local agricultural disposals. The as-received biomass
was directly pyrolyzed without any preliminary milling step in order
to maximize the final carbonization efficiency [33,34]. WS pellets
were characterized by proximate analysis (according to ASTM stan-
dards for moisture, ash, and volatiles), and X-Ray Fluorescence (XRF)
spectroscopy analysis (ADVANT’XP þ XRF spectrometer from
Thermo ARL, Switzerland) to determine inorganic constituents. The
contents of hemicelluloses, cellulose and lignin were determined
following an analytical approach described previously [32].

2.2. One-step activation

The one-step activation process was performed using the same
bench-scale fixed-bed reactor described in previous works [31,32].
The following ranges of operating conditions were considered:
maximum temperature between 650 and 750 �C, absolute pressure
between 0.2 and 0.9 MPa, reactor environment varying between
pure N2 and a binary CO2/N2 mixture (75:25 v/v), and constant gas
residence time of 100 s. In order to study the pyrolysis behavior in
this range of process parameters, experiments using a pure N2 at-
mosphere were included in the experimental design (see Fig. 1).
The heating rate and the dwell time (at themaximum temperature)
were 5 �C min�1 and 1 h, respectively.

2.3. Two-step activation

The pyrolysis step was performed using the same bench-scale
fixed-bed reactor as for the one-step activation. The maximum
temperature, absolute pressure, and gas residence time varied in
the range of 400e550 �C, 0.2e0.9 MPa, and 100e200 s, respec-
tively. In addition, the pyrolysis atmosphere adopted for these ex-
periments varied from pure N2 to a CO2/N2 mixture (60:40 v/v). As
before, the heating rate and the dwell time (at the maximum
temperature) were 5 �Cmin�1 and 1 h, respectively. More details on
the pyrolysis setup are available in Appendix A (see Fig. A1). The
resulting material from pyrolysis step is called biochar (see Fig. 1).

All biochars obtained after pyrolysis were then physically acti-
vated at 800 �C and atmospheric pressure under a pure CO2 at-
mosphere. The device used for activation [35] consisted of a tubular
reactor (Inconel 600 alloy, 600 mm long and 28 mm ID), placed
inside a vertical tubular furnace (model EVA 12/300 mm from
Carbolite Gero, UK). A K-type thermocouple was placed along the
longitudinal axis of the reactor to monitor the temperature inside
the bed in real-time. Following the same procedure as in a previous
work [35], the raw biochars were first ground and sieved to obtain
particle sizes between 0.21 and 1.41 mm. Then, samples of 10 g
were heated at 10 �C min�1 under a constant flow of N2. Once the
activation temperature was reached (i.e., 800 �C), the gas feed was
switched from N2 to CO2 and held isothermally for 1 h. Under these
conditions, the gas-hourly space velocity (GHSV) was approxi-
mately 7000 h�1. Fig. 1 summarizes the production process path-
ways and the range of operating conditions adopted in this study.

2.4. Characterization of activated carbons

The degree of burn-off (Xi) was estimated as follows:

X1S ¼ ðmbiomass emf Þ
.
mbiomass,100 (1)

X2S ¼ ðmbiochar e mf Þ
.
mbiochar,100 (2)

where i refers to the type of activation process: one-step (1S) or



Fig. 1. Overview of the production pathways for one-step (1S) and two-step (2S) activated carbons.
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two-step (2S). mbiomass, mbiochar, and mf are the masses of biomass,
biochar and final sample, respectively. It is important to note that,
unlike the burn-off of 2S activated carbons (X2S), which takes into
account only the mass loss related to the physical activation, X1S

accounts for the mass loss during the whole one-step process from
the biomass feedstock. Hence, the burn-offs corresponding to the
one-step activation process are, in all cases, numerically higher
than those related to the two-step activation. In order to compare
both production pathways in terms of yield of AC, the overall mass
yield (y2S) for the 2S ACs was also calculated according to Eq. (3),
where ychar is the mass yield of biochar (in mass fraction) after the
pyrolysis step. The mass yield for 1S ACs (y1S) was calculated using
Eq. (4).

y2S ¼ ychar, ð100 e X2S Þ (3)

y1S ¼ ð100 e X1S Þ (4)
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The textural characterization of the carbon materials was per-
formed by N2 and H2 adsorption at �196 �C using an ASAP 2020
automatic adsorption device from Micromeritics (USA). Samples
were outgassed under secondary vacuum at 110 �C for at least 48 h
and outgassing at the same temperature for at least 6 h was also
carried out in the analysis port. Warm and cold volumes were
determined after analysis to avoid He entrapment in ultra-
micropores. Processing of the adsorption isotherm data was per-
formed using Microactive® and SAIEUS® software provided by
Micromeritics. Pore size distributions (PSDs) and surface areas (S2D-
NLDFT) were calculated by applying the two-dimensional non-local
density functional theory model for heterogenous surfaces (2D-
NLDFT-HS) [36] to N2 and H2 isotherms simultaneously. The total
pore volume (Vtot), ultra-micropore volume (Vultra, < 0.7 nm),
micropore volume (Vmicro, <2 nm) and mesopore volume (Vmeso,
2e50 nm) were obtained by integrating the PSDs in the corre-
sponding pore size ranges.
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Infrared spectra were performed in the wavenumbers range of
600e4000 cm�1 using a Fourier-Transform Infrared (FTIR) spec-
trometer (Frontier Spotlight 400, PerkinElmer, Japan).
2.5. Statistical analysis

An unreplicated 2-level full factorial design was adopted to
evaluate the effects of the assessed pyrolysis process parameters.
Three replicates at the center point were carried out to estimate the
experimental error and the overall curvature effect [37]. The
structure of the regression model (using normalized values for
factors in the range from�1 to 1) used during statistical analysis for
the response variables (i.e., textural properties of 2S ACs) was as
follows:

by ¼ b0 þ b1T þ b2P þ b3t þ b4CO2 þ b12T,P þ b13T,t

þ b14T,CO2 þ b23P,t þ b24P,CO2 þ b34t,CO2

þ b123T,P,t þ b124T,P,CO2 þ b134T,t,CO2

þ b234P,t,CO2

(5)

where b0, bi, bij, and bijk are the intercept, linear, 2-way interaction
and 3-way interaction coefficients, respectively. The regression
models used for the response variables related to the textural
properties of the 1S ACs were the same as those described in Eq. (5)
without considering the gas residence time as a factor. Statistical
calculations were conducted using Minitab software (v17).
2.6. Adsorption isotherms and breakthrough simulations

CO2 and CH4 adsorption isotherms were measured up to
3.5 MPa, at 25 and 50 �C, using a HPVA II high-pressure manometric
device (from Micromeritics). The samples were firstly outgassed
under secondary vacuum (5 � 10�7 Pa) at 110 �C for at least 48 h.
Afterwards, the pressure was gradually increased from 0.005 to
3.5 MPa, and then decreased stepwise to 0.5 MPa. The amount of
gas adsorbed was calculated as the difference between the amount
of gas dosed and the amount of gas determined at each equilibrium
pressure.

The transient pressure change prior to the first isotherm point
was recorded to obtain the adsorption kinetics. The batch kinetic
model presented in Appendix A was fitted to the experimental ki-
netic data to obtain an estimate of the diffusivity of methane and
carbon dioxide on the solid adsorbents.

The experimental data obtained from the isotherms were
described using the Sips model. The ideal adsorbed solution theory
(IAST) was adopted to predict the adsorption behavior of CO2/CH4

binary mixtures at different volume concentrations (i.e., 10:90 v/v,
30:70 v/v, 50:50 v/v, and 70:30 v/v). The selectivity towards CO2
over CH4, S, was then calculated as follows:

S ¼ ðxCO2
yCH4

Þ �ðxCH4
yCO2

Þ (6)

where x and y are the gas molar fractions in the adsorbed and gas
phases, respectively.

Simulations of adsorption breakthrough curves were carried out
at 0.1, 0.3, 0.5, 0.7 and 1.0 MPa considering an initial temperature of
30 �C and a total feed flow rate of 0.75 NL min�1, with a molar
composition of 40% CO2 and 60% CH4. A simulated fixed-bed col-
umn with length and diameter of 60 cm and 2.8 cm, respectively,
was considered to run the simulations using gPROMS
ModelBuilder.

The samples tapped densities were obtained in an Autotap
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equipment of Quantachrome®. The bed porosity was calculated
using the bed and particle densities as follows:

εbed ¼ 1 e rbed
�
rpar (7)

where rbed and rpar are the bed and particle densities, respectively.
The particle density and porosity were measured by mercury
porosimetry (Autopore IV, Micromeritics). The average particle
diameter was measured by laser diffraction using a Mastersizer
Hydro 3000 analyzer (Malvern instruments Ltd.) equipped with a
Hydro LV sampler and a measurement cell for liquid phase
suspensions.

More details regarding the IAST-based approach and the carbon
adsorbents parameters used to run the simulations under dynamic
conditions are given in Appendix A.

3. Results and discussion

The complete characterization of the WS pellets (including
lignocellulosic composition, proximate, ultimate, and XRF analyses)
is reported in Table A.1 (Appendix A). Furthermore, Appendix A also
provides details on the pyrolysis behavior of WS pellets under
either a pure N2 atmosphere or a mixture of CO2/N2, including an
assessment of repeatability and an analysis of mass loss profiles for
the one-step activation experiments (see Figs. A.2 and A.3,
respectively).

3.1. Conversion and textural properties of activated carbons

This section covers the results obtained from the full charac-
terization of all ACs studied here. The numerical results are re-
ported in Tables 1 and 2; more details on the statistics related to
this section are given in Tables A.2 and A.3.

3.1.1. Two-step activation
When producing WS-derived ACs by slow pyrolysis and subse-

quent physical activation with CO2 at 800 �C (two steps), the
maximum pyrolysis temperature had a negative effect on the de-
gree of burn-off (as shown in Fig. 2a). This could be explained by the
fact that higher pyrolysis temperatures could lead to slightly more
ordered carbon structures, making them less prone to reaction
[38,39]. Similar conclusions can be drawn for the textural proper-
ties of the resulting ACs (see Fig. 2c�e), except for Vultra (2S), which
appears to be positively affected by themaximum temperature and,
to a greater extent, by the gas residence time. The effect of gas
residence time also contributed to reduce the resulting X2S, due to
the importance of secondary charring reactions, which led to the
formation of amore stable biochar structure. On the other hand, the
effect of absolute pressure was found to be negative on both final
specific surface area and porosity development (see Fig. 2b�e). This
aspect could also be explained as a consequence of the formation of
a more stable biochar during slow pyrolysis [40] and the clogging of
its pores that would prevent the development of porosity during
the activation step. It is important to note that it was not possible to
develop mesoporosity under these activating conditions and, for
this reason, Vmeso (2S) is not reported in Fig. 2. The presence of CO2 as
gas carrier in the pyrolysis environment did not affect the charac-
teristics of the ACs, as well as the properties of the biochars pro-
duced, as previously reported [32]. This also indicates the
possibility of recycling a flue gas stream by using it as a low-cost
pyrolysis atmosphere, resulting in significant cost savings over N2
on an industrial scale.

The values of surface areas and pore volumes obtained in this set
of experiments were fully comparable to those obtained in a pre-
vious study [41] for WS-derived ACs produced by slow pyrolysis



Table 1
Experimental results of surface area (S2D-NLDFT), ultramicropore volume (Vultra), micropore volume (Vmicro), mesopore volume (Vmeso), total pore volume (Vtot) and burn-off (X)
obtained in the two-step (2S) activation experiments.

Pyrolysis conditions Response variable

T (⁰C) P (MPa) t (s) CO2 (vol. %) S2D-NLDFT (2S) (m2 g�1) Vultra (2S) (cm3 g�1) Vmicro (2S) (cm3 g�1) Vmeso (2S) (cm3 g�1) Vtot (2S) (cm3 g�1) X2S (%) y2S (%)

400 0.9 200 60 905 0.16 0.25 0.02 0.27 45.3 17.3
400 0.9 100 60 837 0.11 0.24 0.02 0.26 51.3 15.1
550 0.2 100 0 906 0.17 0.25 0.03 0.28 42.6 15.8
400 0.2 100 60 986 0.11 0.30 0.05 0.35 63.7 10.6
550 0.9 200 0 905 0.15 0.25 0.02 0.27 37.1 17.9
550 0.2 100 60 865 0.15 0.24 0.02 0.26 45.4 15.3
475 0.55 150 30 933 0.15 0.26 0.03 0.29 44.5 16.3
400 0.9 100 0 782 0.09 0.25 0.02 0.27 56.0 14.6
400 0.9 200 0 955 0.17 0.27 0.03 0.29 49.4 16.4
400 0.2 100 0 919 0.15 0.25 0.02 0.27 49.4 15.7
550 0.9 100 0 870 0.15 0.24 0.03 0.27 48.8 14.1
550 0.2 200 0 945 0.17 0.26 0.02 0.28 38.5 17.5
550 0.9 100 60 899 0.15 0.25 0.03 0.28 49.0 14.2
475 0.55 150 30 915 0.17 0.25 0.04 0.28 48.5 15.0
550 0.9 200 60 860 0.16 0.24 0.04 0.27 42.9 16.0
475 0.55 150 30 940 0.17 0.26 0.03 0.28 45.0 16.3
550 0.2 200 60 916 0.16 0.25 0.02 0.27 36.2 18.4
400 0.2 200 60 998 0.17 0.28 0.02 0.30 47.9 17.3
400 0.2 200 0 957 0.18 0.26 0.02 0.28 47.1 17.3

Table 2
Same as Table 1, but for the one-step (1S) activation experiments.

Pyrolysis conditions Response variable

T (⁰C) P (MPa) CO2 (vol. %) S2D-NLDFT (1S) (m2 g�1) Vultra (1S)

(cm3 g�1)
Vmicro (1S)

(cm3 g�1)
Vmeso (1S)

(cm3 g�1)
Vtot (1S)

(cm3 g�1)
X1S (%) y1S (%)

700 0.55 37.5 661 0.14 0.14 e 0.14 70.1 29.9
750 0.9 75 882 0.14 0.26 0.02 0.28 78.5 21.5
750 0.2 0 523 0.12 0.12 e 0.12 68.3 31.7
750 0.2 75 760 0.14 0.19 0.01 0.20 71.3 28.7
700 0.55 37.5 669 0.14 0.15 e 0.15 70.0 30.0
650 0.9 0 537 0.12 0.12 e 0.12 68.2 31.8
700 0.55 37.5 700 0.14 0.15 0.02 0.17 69.9 30.1
650 0.9 75 606 0.13 0.13 e 0.13 69.2 30.8
750 0.9 0 400 0.10 0.10 e 0.10 69.2 30.8
650 0.2 0 574 0.12 0.12 e 0.12 67.9 32.1
650 0.2 75 625 0.13 0.13 e 0.13 67.8 32.2
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(500 �C, atmospheric pressure, and 5 �C min�1 as heating rate) and
subsequent activation at 700e850 �C and 0.1e1.0 MPa under a pure
CO2 atmosphere. In particular, ACs obtained from biochars pro-
duced at 400 �C and 0.2 MPa showed, in some cases, better textural
properties than those produced under similar conditions in the
above-mentioned work (evenwhen high pressures were applied to
promote the extent of the reverse Boudouard reaction during the
activation step). This finding seems to demonstrate the pivotal role
that the pyrolysis operating conditions play in determining the
textural properties of the resulting ACs. Table 1 shows that the AC
with the highest surface area (998 cm2 g�1) and the most devel-
oped porosity was obtained from a biochar produced at 400 �C and
0.2 MPa, confirming the considerations explained in this section.

3.1.2. One-step activation
Fig. 3a shows the influence of the process operating conditions

on the burn-off (X1S) during the one-step production of ACs. As
expected, the main factor affecting mass loss was the maximum
temperature; its increase from 650 to 750 �C led to a higher
carbonization degree, due to a more pronounced thermal degra-
dation of the biomass constituents [42,43]. Even though the effect
was smaller, the presence of CO2 as an activating agent also
contributed to increase the burn-off, as a clear consequence of the
gasification of the carbonaceous matrix. Overall, the lowest value of
X1S was 67.8%, corresponding to the mildest temperature (650 �C),
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whereas the highest value (78.5%) was obtained at 750 �C under an
atmosphere containing CO2. It is important to remember that the
X1S values took into account the mass loss related to the pyrolysis
step too; for this reason, they resulted to be higher than the X2S

values.
According to a previous study conducted on the pyrolysis of WS

pellets [32], it was confirmed that absolute pressure does not have a
significant effect on the final yield of the resulting carbon material.
The role of CO2 atmosphere and, to a lesser extent, maximum
temperature, was predominant for the development of porosity;
indeed, their significant effects on the surface area and pores vol-
umes are clearly visible in Fig. 3b�e. In contrast to the previous
work [32], which was performed at lower maximum pyrolysis
temperatures (400e550 �C), the ultra-micropore volume did not
appear to be affected by the maximum temperature, which
generally leads to greater thermal degradation of biomass, followed
by additional evolution of volatiles, resulting in the creation of new
pores. This discrepancy is probably due to the higher maximum
temperatures used in this work; in particular, the higher the tem-
perature, the lower its effect on Vultra (1S). Similar to what was
observed for the two-step activation process, Vmeso (1S) was not
reported in Fig. 3 due to the lack of mesopore formation. Even
though the reactor configuration was designed for maximizing the
biochar yield (i.e., enhancing secondary charring reactions through
a slow release of primary volatiles at the inter-particle level) rather



Fig. 2. Normal plot of the standardized effects (a ¼ 0.05) for ACs produced by two-step (2S) activation: (a) burn-off (X); (b) surface area (S2D-NLDFT); (c) ultramicropore volume
(Vultra); (d) micropore volume (Vmicro); and (e) total pore volume (Vtot) (squares ¼ significant effect; empty squares ¼ non-significant effect; the straight line represents the null-
effect points).

Fig. 3. Same as Fig. 2, but ACs produced by one-step (1S) activation: (a) burn-off (X), (b) ultramicropore volume (Vultra), (c) micropore volume (Vmicro), (d) mesopore volume (Vmeso)
and (e) total pore volume (Vtot) (square, significant effect; empty square, non-significant effect; the straight line represents the null-effect points).
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than for activating the biochar, and keeping in mind the relatively
milder temperatures employed, the surface areas as well as the
porosity development of the 1S ACs were only slightly lower than
those obtained for 2S ACs. In fact, the best one-step AC (produced at
750 �C and 0.9 MPa) showed textural properties very similar to
those reported for the two-step ACs. Moreover, the 1S ACs showed a
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higher final mass yield in comparison to that related to the 2S ACs,
which resulted to be almost twice higher in all cases (see Tables 1
and 2, respectively). The reason behind this discrepancy between
the two production routes is mainly due to the different activation
conditions adopted, especially in terms of maximum temperature
and CO2 concentration in the reactor atmosphere, whichweremore
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severe during the 2S activation process. These outstanding results
demonstrate that one-step pressurized activation might be a
valuable alternative to the conventional two-step activation, due to
its lower energy cost and higher efficiency in terms of processing
time and production capacity.
3.2. FT-IR spectra and surface chemistry

The results of FT-IR spectroscopy measurements for 2S ACs are
shown in Fig. A.4a. The samples were mainly characterized by
methylene groups (1460 cm�1), aromatic rings (1450e1600 cm�1)
and, in some cases, OH groups (3500 cm�1). The bands showed
relatively small differences in intensity, meaning that the number
of retained functional groups in the 2S ACs was not significantly
influenced by the pyrolysis operating conditions. Conversely, more
intense bands, for the aforementioned functional groups, were
visible for 1S ACs (see Fig. A.4b), even at the highest maximum
temperature (750 �C). This findingmay be ascribed to differences in
the reactor configuration as well as in the different temperature
conditions and CO2 concentrations employed during the synthesis
of 2S and 1S ACs.
3.3. CO2 adsorption capacity and selectivity CO2/CH4

The ACs with the highest surface area and porosity (three 2S
carbons and three 1S carbons) were selected for CO2 and CH4
adsorption experiments. The tested carbon materials are reported
in Table 3. The Sips isotherm model (see Appendix A for further
details) was fitted simultaneously to the experimental data at
different temperature for each material. The parameters obtained
by fitting the isotherm model are presented in Table A.4, and were
used to perform the IAST-based and breakthrough simulations. The
experimental isotherm data were also used to calculate the average
heat of adsorption by means of the Clausius-Clapeyron equation.
The average heat of adsorption is presented in Table A.8, and was
then used to simulate the non-isothermal adsorption breakthrough
curves.

According to the observations reported in Section 3.1.1, the
combination of lower temperatures and pressures and higher gas
residence time during the pyrolysis step proved to be crucial for
obtaining 2S carbons with high surface areas and developed
porosity. As expected, the molar amounts of CO2 and CH4 adsorbed
at equilibrium conditions increased with pressure and decreased
with temperature (see Fig. 4). Furthermore, the slope of the
isotherm became less steep with increasing pressure because the
adsorption sites are closer to saturation under these conditions.
Fig. 4 also shows that the CO2 and CH4 adsorption isotherms were
fully reversible, indicating physical adsorption [4]. All WS-derived
ACs preferentially adsorbed CO2 over CH4, due to the higher
quadrupole moment of CO2 [14,44], which promotes a stronger
attraction between the adsorbate and the adsorbent surface.

Overall, 2S ACs reached higher CO2 uptake capacity than 1S ACs
Table 3
Activated carbons selected for CO2 and CH4 adsorption experiments.

Type of activation AC Slow Pyrolysis

T (⁰C) P (MPa) t (s)

One-Step 1S-1 e e e

1S-2 e e e

1S-3 e e e

Two-Step 2S-1 400 0.2 100
2S-2 400 0.2 200
2S-3 400 0.2 200
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when the pressure was increased to 3.5 MPa. However, the per-
formances of 2S and 1S ACs were perfectly comparable at lower
pressures (0e0.5 MPa). The CO2 uptake capacity at 0.1 MPa of the
ACs produced in this study is compared with those of carbon-based
adsorbents reported from previous studies in Table A.5. It is easy to
observe that our ACs exhibited somewhat higher adsorbed
amounts of CO2 than many in the literature, regardless of their
higher surface areas (up to 3000 m2 g�1) and even though they
were tested at lower temperatures (i.e., 20 �C) in some cases.

Fig. 5a shows the CO2/CH4 selectivity values under 10 vol % CO2,
which were calculated using the IAST method after fitting the Sips
equation to the isotherms. The selectivity profiles of the ACs were
not visibly affected by the variation of the CO2/CH4 concentration
ratio; for this reason, the selectivity profiles at higher CO2 content
are reported in Appendix A (see Fig. A.5). At pressures below
0.5 MPa, all samples showed high values of selectivity (up to more
than 10) and these decreased with increasing pressure. Some au-
thors have claimed that the predominant effect of the CO2-sorbent
interaction due to the basic functionalities on the surface [45].
However, it has been shown that it is only true for working pres-
sures below 0.5MPa. The shift from surface chemistry-controlled to
pore texture-controlled behavior occurs at 0.5 MPa [46]. The latter
study is in good agreement with the present results. By increasing
the pressure above 1.0 MPa, the 2S ACs showed a slight tendency to
increase in selectivity, which was accentuated when the CO2 con-
centration was higher. According to Castrillon et al. [4], the pro-
portional increase in selectivity with pressure could probably be
due to the intrinsic shape of the CO2 and CH4 isotherms; in other
words, CO2 uptake was positively affected by pressure to a greater
extent than CH4 uptake. On the other hand, the small increase in
selectivity at higher CO2 concentrations seems to be in disagree-
ment with the reported literature [4]. This result is probably due to
a combination of factors, such as PSD, micropore volume and sur-
face area of the samples. The effect of CO2 concentrations on
selectivity at high pressures was even more visible for the 1S AC
produced at 700 �C, 0.55MPa,100 s and 37.5 vol % CO2, whereas the
selectivity related to the other 1S ACs remained approximately
constant after the initial decrease. Overall, the 2S-3 sample
appeared to be the best AC in terms of CO2 retention, showing
higher selectivity regardless of pressure and CO2 content (see
Fig. 5b for the corresponding set of selectivity profiles).

In conclusion, the resulting selectivity values were notably high
for all ACs produced in this study, in most cases even higher than
those reported in previous studies (see Table A.6) and examined
under the same conditions. In addition, the CO2/CH4 selectivity
profiles under 10, 30, 50 and 70 vol % CO2 of a commercial AC (from
Brascarbo Agroindustrial Ldta., Brazil) [47] were also calculated us-
ing the IAST method (see Fig. A.6) for further comparison purposes.
In line with the above-reported findings, the AC from Brascarbo
showed slightly lower selectivity values, despite being examined
under the same conditions and having a surface area totally com-
parable with those of 1S and 2S ACs.
CO2 activation

CO2 (vol. %) T (⁰C) P (MPa) t (s) CO2 (vol. %)

e 700 0.55 100 37.5
e 750 0.2 100 75
e 750 0.9 100 75

60 800 0.1 e 100
0 800 0.1 e 100
60 800 0.1 e 100



Fig. 4. CO2 and CH4 adsorption isotherms for selected 1S and 2S activated carbons (see Table 3 for details on production process conditions).
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3.4. Simulated breakthrough curves

Although the IAST model is a suitable method to predict the
separation selectivity of ACs, the study of their performance under
dynamic conditions remains an essential step before any applica-
tion. Fig. 6a�b show, respectively, the simulated CH4 and CO2
breakthrough curves at 0.5 MPa for each AC, whereas the fixed bed
parameters used for the simulations are reported in Table 4.
Additional parameters used in the simulation of the adsorption
breakthrough, such as those related to the adsorption isotherms,
kinetics, and thermodynamics, are given in Appendix A (Tables A.4,
A.7 and A.8, respectively). The full set of breakthrough simulations
for the selected ACs are available in Figs. A.7�A.12. In all simula-
tions, methane breakthrough occurred before carbon dioxide
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breakthrough, indicating the ability of all materials to achieve
methane separation frommixtures with carbon dioxide. This is due
to the fact that CH4 is a completely non-polar molecule and in-
teracts very weakly with most materials. While CO2 has a quad-
rupolar moment and so it interacts, both physically and chemically,
with the ACs surface. In addition, the adsorption breakthrough
curves shown in Figs. A.7�A.12 indicated that the retention time of
both gases increased with operating pressure.

As expected, Fig. 6a shows that the CH4 stoichiometry time (i.e.,
the time needed to reach 50% of the feed flow rate at the reactor
outlet, represented by t*CH4

) at 0.5 MPa was shorter, between 9 and

14 min, than that of CO2, t*CO2
, which ranged from 34 to 43 min

(Fig. 6b). In addition, in Fig. 6a, it is possible to observe the typical



Fig. 5. (a) IAST-based selectivity values for ACs tested under 10 vol % CO2; and (b) selectivity profiles of 2Se3 AC under 10, 30, 50, and 70 vol % CO2.

Fig. 6. Simulated results for (a) CH4 and (b) CO2 breakthrough curves at 0.5 MPa and 30 �C; (c) CH4 and (d) CO2 adsorption stoichiometry times as function of adsorption pressure;
and (e) theoretical CH4 recovery as a function of adsorption pressure.
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Table 4
Fixed bed parameters used for the breakthrough simulations.

Activated carbon Bed density (kg m�3) Bed porosity (�) Particle density (kg m�3) Particle porosity (�) Average particle diameter (mm)

1S-1 599 0.534 1285 0.431 0.14
1S-2 603 0.493 1190 0.474 0.30
1S-3 450 0.716 1586 0.298 0.22
2S-1 471 0.602 1184 0.476 0.32
2S-2 391 0.660 1149 0.491 0.41
2S-3 433 0.626 1158 0.488 0.34
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roll-over phenomena, consisting of a temporary excess of CH4 flow
rate over the feed concentration, due to the replacement of CH4 by
CO2 on the sorbent surface [5]. During an adsorption separation
process, t*CO2

and t*CH4
represent the limits of the operation time;

from an industrial point of view, longer CO2 stoichiometry times are
strongly desired in order to ensure longer operation times.
Conversely, shorter values of t*CH4

are required, as they are directly
related to the amount of CH4 desorbed from the solid phase. Given
that both t*CO2

and t*CH4
are direct functions of the respective gas

amounts adsorbed at equilibrium, they strictly depend on the
breakthrough pressure, as shown in Fig. 6c�d. These figures also
confirmed that CH4 broke through earlier than CO2, regardless of
the pressure considered. Overall, the 2S AC obtained from the
biochar produced at 400 �C, 0.2 MPa, 200 s under a 60 vol % CO2

atmosphere (2S-3) showed the highest t* values over the whole
range of pressures adopted during all experiments, in line with its
high selectivity observed in the previous section.

Since the pure CH4 flow rate definitely leaves the adsorption
column in the time interval between t*CO2

and t*CH4
, the amount of

pure CH4 released during the adsorption process directly depends
on both stoichiometric times. Taking this aspect into account, it is
possible to calculate a theoretical CH4 recovery from the adsorption
process as:

RecoveryCH4
¼ðt*CO2

e t*CH4
Þ
.
t*CO2

(6)

The theorical CH4 recovery values obtained for the examined
ACs (see Fig. 6e) highlighted the 1S AC produced at 700 �C,
0.55 MPa, 100 s under a 37.5 vol % CO2 atmosphere (1S-1) as the
sorbent with the highest theoretical recovery, reaching around 95%
at 0.1MPa, and dropping to about 70% at 1.0MPa. This result, clearly
in contrast to the findings obtained by IAST methodology, is mainly
due to the effects of various factors disregarded in the aforemen-
tioned IASTmodel, such as slow CH4 diffusion and different packing
densities (see Table 4). Furthermore, breakthrough simulations also
predicted temperature increases around 25 �C inside the fixed-bed
column (see Figs. A.6�A.11), which could also have a considerable
effect on the adsorption process performance. Another parameter
not considered in the IAST model, which certainly affected CH4

recovery, was the average particle diameter, in particular, the
smaller the particles, the higher the recovery. The CH4 recovery
values obtained for the 1S and 2S ACs were similar to many ad-
sorbents reported in the literature (see Table A.9), although it is
important to keep in mind that the operating pressures were
milder than those employed in this work.

4. Conclusions

Sustainable activated carbons (ACs) from wheat straw (WS)
biomass were produced by one-step (1S) and two-step (2S) physical
activation processes. The obtained outcomes indicate that, for
wheat straw and the range of operating conditions adopted, the
one-step ACs exhibit similar textural features as ACs synthetized via
a traditional two-step pathway. Interestingly, the 1S ACs can be
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produced at considerably higher mass yields, which makes them
attractive for commercial exploitation. Furthermore, 1S and 2S ACs
exhibited even higher CO2 uptakes and CO2/CH4 selectivity values
than several adsorbents reported in the literature, proving that they
are absolutely feasible for CH4/CO2 separation. In particular, the 2S
AC produced at 400 �C, 0.2 MPa, 200 s and 60 vol % CO2 showed the
highest IAST-based selectivity, regardless of the CO2 concentration
and pressure conditions applied. However, breakthrough simula-
tions revealed that the 1S AC produced at 700 �C, 0.55 MPa, 100 s
and 37.5 vol % CO2 showed the best CH4 recovery performance
under dynamic conditions. These notable findings highlighted 1S
physical activation at moderate pressure as a promising route to
produce carbon-based adsorbents, which may replace the con-
ventional 2S physical activation process and lead to remarkable
improvements, especially on an industrial scale. Indeed, 1S physical
activation would allow a significant reduction in operating and
installation costs as well as an improvement in productivity.
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Nomenclature

mbiochar mass of biochar
mbiomass mass of biomass
mf final mass of the sample
S2D-NLDFT surface area
SCO2/CH4 CO2 selectivity over CH4
Vmeso mesopore volume
Vmicro micropore volume
Vtot total pore volume
Vultra ultra-micropore volume
Xi burn-off
ychar biochar yield
yi mass yield
rbed bed density
rpar particle density
Acronyms
FT-IR Fourier-Transform Infrared spectroscopy
GHSV gas-hourly space velocity
IAST Ideal Adsorbed Solution Theory
MEA Mono-Ethanolamine
PSD pore size distribution
1S one-step activation
2S two-step activation
XRF X-Ray Fluorescence
WS Wheat Straw
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