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Biomass Waste Carbon Materials as
adsorbents for CO, Capture under
Post-Combustion Conditions

Elisa M. Calvo-Murnoz, Francisco J. Garcia-Mateos, Juana M. Rosas,
José Rodriguez-Mirasol* and Tomas Cordero

Departamento de Ingenieria Quimica, Universidad de Mdlaga, Andalucia Tech, Malaga, Spain

A series of porous carbon materials obtained from biomass waste have been synthesized,
with different morphologies and structural properties, and evaluated as potential adsor-
bents for CO. capture in post-combustion conditions. These carbon materials present
CO, adsorption capacities, at 25°C and 101.3 kPa, comparable to those obtained by
other complex carbon or inorganic materials. Furthermore, CO, uptakes under these
conditions can be well correlated with the narrow micropore volume, derived from the
CO, adsorption data at 0°C (V%>*) . In contrast, CO, adsorption capacities at 25°C and
15 kPa are more related to only pores of sizes lower than 0.7 nm. The capacity values
obtained in column adsorption experiments were really promising. An activated carbon
fiber obtained from Alcell lignin, FCL, presented a capacity value of 1.3 mmol/g (5.7 %wt).
Moreover, the adsorption capacity of this carbon fiber was totally recovered in a very fast
desorption cycle at the same operation temperature and total pressure and, therefore,
without any additional energy requirement. Thus, these results suggest that the biomass
waste used in this work could be successfully valorized as efficient CO, adsorbent,
under post-combustion conditions, showing excellent regeneration performance.

Keywords: CO, capture, CO,, post-combustion, adsorption, biomass, activated carbons, carbon materials

INTRODUCTION

The increase of climate-related natural disasters or the fact that since 2000, 14 years are among
the 15 hottest ever registered,’ have reinforced the unequivocal need of diminishing greenhouse
gases emissions, particularly those of CO, [IPCC (Intergovernmental Panel on Climate Change),
2007; IEA, 2013], and is leading governments to develop a series of roadmaps, which aim at moving
forward to alow carbon economy. Nevertheless, the current and future continuously growing energy
demands along with the immaturity of most alternative technologies make it evident that fossil
fuels will continue to be used in many industrial processes (European Commission, 2011). Within
this framework, carbon capture and storage (CCS) has been identified as one of the key technolo-
gies that could contribute in a greater degree to reach the CO, emission reduction targets [[PCC
(Intergovernmental Panel on Climate Change), 2005; European Commission, 2013; IEA, 2013].

'http://www.worldbank.org/en/topic/climatechange/overview#1
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In the mid-term, post-combustion CCS and, especially post-
combustion using adsorption over porous solids seems to be called
to play an important role. Post-combustion CCS can be integrated
in an easier way into existing facilities and is more flexible with
regard to its control and to the plant maintenance [Figueroa et al.,
2008; Olajire, 2010; Finkenrath, 2011; IEA and UNIDO (United
Nations Industrial Development Organizations, 2011)]. In con-
trast to the currently preferred absorption technologies (mainly
amine scrubbing based systems) which still present important
drawbacks related to sorbent regeneration and corrosion issues
(GCCSI, 20125 Yan et al., 2012), adsorption has shown a great
potential to significantly cut down the overall costs by providing
substantial energy savings and reduction of the equipment sizes
(Ho et al., 2008; Radosz et al., 2008; Davidson, 2009). Main chal-
lenges of post-combustion applications arise from dealing with
large flue gas volumes, low CO, partial pressure, and common
presence of water vapor in the outlet stream (Sreenivasulu et al.,
2015). Therefore, appropriate adsorbents must present sufficient
adsorption capacity, high CO, selectivity, adequate density and
hardness, low abrasion index, and good stability in moisture con-
ditions. Besides, availability, low cost, and easy of regeneration
are key factors to ensure the feasibility of the overall adsorption
process (Plaza et al., 2010, 2014; Samanta et al., 2012; Lee and
Park, 2015; Ben-Mansour et al., 2016).

Carbon materials have been extensively employed for adsorp-
tion applications in many areas due to their high specific surface
areas, remarkable mechanical, thermal, and chemical stabilities,
and relatively easy to tailor porous structure and chemical
surface. Focusing on CCS, some outstanding properties make
them advantageous over other proposed materials, such as
zeolites or MOFs: low heat of adsorption (easy of regeneration),
hydrophobic character (low sensitivity to moisture conditions),
higher CO, uptake at high pressure or the possibility of been
obtained through low-cost processes from different types of
biomass and lignocellulosic waste (Choi et al., 2009; Plaza et al.,
2009; Olivares-Marin and Maroto-Valer, 2012; Parshetti et al.,
2015; Rashidi and Yusup, 2016). On the other hand, activated
carbon materials are usually adversely compared in terms of CO,
adsorption capacity and/or selectivity. Nevertheless, it has been
proven that adsorption capacity and selectivity toward CO, are
strongly dependent on the porous structure and chemical surface
of the adsorbent (Ruthven, 1984; Marsh and Rodriguez-Reinoso,
2006; Shafeeyan et al., 2010; Gargiulo et al., 2014). Specifically,
it has been reported that at low CO; partial pressures and room
temperature, CO, adsorption capacity is intrinsically related to
micropores, although some discrepancies can be found in the
literature. Maroto-Valer et al. (2005) reported that pores lower
than five times the size of CO, molecule (0.209 nm) maximize
CO; adsorption; therefore, they proposed pores lower than 1 nm.
Martin et al. (2010) indicated that micropore volumes coming
from pores below 0.6 nm present the highest CO, retention
capacities. Sevilla et al. (2011) proposed that the amount of CO,
adsorbed depends mainly on the population of narrow micropo-
res (<1 nm), which make a considerable contribution to CO,
capture. More recently in 2013, these authors pointed out that
the adsorption of CO, by non-functionalized porous carbons is

mainly determined by the volume of the micropores with only
a size below 0.8 nm (Sevilla et al., 2013). Some studies related
to the study of inorganic materials as adsorbents suggested that
pore sizes of 0.5 nm are the most adequate for CO, adsorption
(Harlick and Tezel, 2004; Saha et al., 2010). These discrepancies
are responsible for the research effort driven on developing
advanced carbon adsorbents with optimal porous size distribu-
tions to maximize CO, uptake.

On the other hand, contribution of other properties, i.e., sur-
face chemistry, morphology, particle size, etc., may condition or
stimulate the adsorption performance of a specific material and
must be taken into account as well. In this line, different types of
conformations, sizes, and textures are been considered for CO,
separation, from the broadly used granular activated carbons or
monoliths to advanced nanostructured carbon fibers, fabrics,
highly hierarchical and ordered molecular sieves, or graphene-
based materials (Wahby et al., 2010; Hao et al., 2011; Jiménez
etal., 2012; Wei et al., 2012; Srinivas et al., 2014; Balasubramanian
and Chowdhury, 2015; Diez et al., 2015).

In light of the above considerations, the present work aims
at developing a series of carbonaceous materials to be used as
efficient adsorbents for CO, capture under post-combustion
conditions. Samples have been prepared following different
synthesis strategies and from diverse raw materials in order to
achieve a wide range of physicochemical properties and mor-
phologies, namely, activated carbons, carbon fibers, and carbon
cloths. Precursors selected were low cost, highly available, and
underutilized residues from the food, wood, papermaking, and
textile industries. In an environmentally friendly scenario, their
valorization would entail, therefore, additional economic and
environmental profits. The CO, uptake capacities of the materi-
als obtained will be evaluated by equilibrium and dynamic CO;
adsorption experiments. Furthermore, the regeneration potential
of the samples will be also analyzed.

MATERIALS AND METHODS

Precursors and Starting Materials

Six carbon materials were prepared from four types of abundant
and economic biomass waste, obtaining granular, fibers, and
cloths conformations. Alcell® lignin (Repap Technologies, Inc.)
was used as precursor of three of the samples. The type of lignin
chosen in this work, Alcell® lignin, contains very small amounts
of inorganic materials because of the pulping process (organosolv
process) applied, in which the delignifying agent and lignin sol-
vent is ethanol and lignin is obtained as a sulfur-free, fine, brown
powder (Pye and Lora, 1991; Rosas et al., 2014). Olive stones
provided by Sociedad Cooperativa Andaluza Olivarera y Frutera
San Isidro (Periana, Mélaga) were also used as raw material.
Prior to its use, this precursor was cleaned with deionized water,
dried at 100°C, and ground with a roller mill to obtain samples
of 400-800 pm particle size. Finally, plywood waste as received
and a 100% cotton denim cloth were employed as starting
materials. The denim fabric was cut into pieces of approximately
1 cm X 1 cm and activated without any further treatment.
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Preparation Method

Stabilized lignin fibers were manufactured by electrospinning of
lignin/ethanol following an analogous procedure to that described
elsewhere (Lallave et al., 2007; Ruiz-Rosas et al., 2010). The lignin/
ethanol solution was flowed at 1 cm® h™ for the inner capillary tip
of a coaxial electrospinning set up, whereas pure ethanol was fed
at 0.2 cm?® h™! by the outermost one. The tip-to-collector distance
was 30 cm and the electrical potential difference was 14 kV (the
collector was at —7 kV and the tips at +7 kV). The as-spun fibers
were subsequently thermostabilized at a heating rate of 0.08°C/
min up to 200°C, keeping the final temperature for 48 h. Then,
stabilized lignin fibers were carbonized at 900°C, under N, flow
(150 cm*/min STP). For the sake of comparison, powder lignin
was also carbonized at the same previous conditions.

Another series of materials were obtained by chemical activa-
tion with phosphoric acid from lignin powder and denim cloth.
In each case, the corresponding carbonaceous precursor was
impregnated with concentrated commercial H;PO4 (85 wt%,
Sigma-Aldrich) at room temperature, using a weight ratio of
2/1 or 0.5/1 (HsPO./dry precursor), respectively, and dried for
24 h at 60°C. The impregnated samples were then activated at
600 or 900°C, respectively, under continuous N, flow (150 cm’
STP/min) for 2 h. Finally, they were washed with distilled water
at 60°C until neutral pH and negative phosphate analysis in the
eluate and dried at 100°C. The resultant activated carbon from
lignin was grinded and sieved (100-300 pm).

The last two samples were prepared by physical activation from
olive stones and plywood waste, following a procedure described
elsewhere (Rodriguez-Mirasol et al., 1993a,b,c; Tancredi et al,,
1996). First, both precursors were carbonized at 800°C for 2 h
under N, flow (150 cm® STP/min). After the carbonization, the
sample from olive stones was activated by partial gasification with
CO; flow (150 cm?® STP/min) at 800°C for 7 h. The final activated
carbon was also grinded and sieved (100-300 pm). In the case
of carbonized plywood waste, the activated carbon preparation
process involved two steps. The first one was the activation with
water vapor (0.319 cm? STP/min) for 2 h at 800°C. This activated
carbon was dried at 70°C for 24 h, and then the sample was loaded
with 20 wt% of Ba applying incipient wetness impregnation with
the corresponding aqueous C,;H¢BaO, (99%, Sigma-Aldrich)
solution. After impregnation, the sample was dried again at 70°C
for 24 h. Finally, it was treated under N, flow (150 cm? STP/min)
at 400°C for 4 h.

All thermal treatments were carried out in a conventional
horizontal tubular furnace. Heating (heating rate of 10°C/min,
unless specified) and cooling of the samples were reached in N,
flow (150 cm?® STP/min).

Table 1 summarizes notation, activation conditions, and
yields for the different samples obtained. In the followed
nomenclature, the first letter of each sample name refers to its
conformation: granular (G), fiber (F) or cloth (C); the second
one is related to the preparation method: carbonization (C) or
activation (A); and the last one specifies the precursor used:
lignin (L), olive stones (S), wood (W), or denim cloth (D). For
instance, GAS is a granular activated carbon obtained from olive
stones and FCL are carbonized carbon fibers prepared from
lignin. GAWBa is a physically activated carbon impregnated

with barium acetate, Letters Ba in this sample name highlight
this treatment.

Characterization

The structure and texture of the samples were analyzed by
scanning electron microscopy (SEM) in a JEOL JSM-840
instrument. Porous structure of all the samples was character-
ized by N, adsorption/desorption isotherm at —196°C and
CO; adsorption isotherm at 0°C carried out in an ASAP 2020
model equipment of Michromeritics Instruments Corporation.
Samples were previously outgassed during at least 8 h at 150°C.
From the N, adsorption/desorption isotherm, the apparent
surface area, Agper, was determined applying the BET equation
(Brunauer et al., 1938); the o, method was used to obtain the
values of the external surface area (ASNz ), that is, the surface area
associated with the non-microporous structure; the micropore
volume (V), and the specific surface area (a.*), using the
high-resolution method proposed by Kaneko and Ishii (1992),
Kaneko et al. (1992), and Kaneko (1994) with a non-porous
carbon black sample (Elftex-120) as solid standard (Gregg and
Sing, 1982). The mesopore volume, Vi, was obtained as the
difference between the adsorbed volume at a relative pressure of
0.995 and the micropore volume (V,*) (Kaneko and Ishii, 1992).
This methodology covers only the mesopore range between 2
and 40 nm in size, according to the Kelvin equation (Gregg and
Sing, 1982). Pore size distribution has been calculated from the
N, adsorption isotherms considering the proposed 2D-NLDFT
heterogeneous surface model (Jagiello and Olivier, 2013) and
by applying the Solution of Adsorption Integral Equation Using
Splines (SAIEUS, available online at http://www.nldft.com/)
Software. The porosity of the samples was also analyzed by means
of the Dubinin-Radushkevich (D-R) equation (Dubinin, 1960).
The specific surface area and micropore volume obtained from
the N, (ASQ,VS;) and CO, (AIC)ROz ,VDCIS >) characteristic curves are
also provided (x> = 0.33; Pco> = 0.35). The average micropore
sizes were assessed by application of the empirical correlation
proposed by Stoeckli et al. (1990).

Adsorption Equilibrium Studies
To evaluate the potential of the samples as adsorbents for CO; in
post-combustion conditions and to be able to compare the results
with others in the literature, CO, adsorption equilibrium tests
were performed following an analog procedure to that previously
described for the CO, adsorption isotherms at 0°C. After outgas-
sing the samples at 150°C, CO; adsorption isotherms of pure CO,
were obtained at 25°C between 0 and 101.3 kPa.

Equilibrium data were fitted to the adsorption isotherm
models of Langmuir (Eq. 1) and Freundlich (Eq. 2) (Ruthven,
1984; Do, 1998):

_4q. K, -P

=3L L 1
1+K,-P M

L

where C; is the adsorption capacity at the equilibrium assessed
by Langmuir equation at each equilibrium pressure P, K; is the
equilibrium constant (kPa™'), usually related to the enthalpy
of adsorption, and g is the equilibrium concentration of the
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TABLE 1 | Notation and activation conditions of the different carbonaceous materials studied.

Sample Precursor Treatment Impregnation Activation Yield
(wt.%)
Agent Ratio (wt.%) Flow T (°C) Holding time (h)
GCL Lignin Carbonization - Na 900 2 37.8
GAL Lignin Chemical activation HsPO.4 2 No 600 2 49.1
Electrospinning (L/ethanol solution) - - - - -
FCL Lignin Stabilization - - Air 200 (+0.08°C/min) 48 271
Carbonization - - N 900 0
CAD Denim cloth ~ Chemical activation HsPO4 0.5 Na 900 2 30.2
_ . o - - N2 800
GAS Olive stone  Physical activation 14.4
- - CO» 800 2
. o - - [\ 800
Physical activation
GAWBa Plywood - - HQO[\/) 800 2 11.2
waste Incipient wet impregnation and CsHeBaO, 20 N. 400

thermal treatment

adsorbate (mmol g™') on the solid phase corresponding to a
complete coverage (adsorption capacity for a monolayer).

C, =K-(P) @)

where Cy is the adsorption capacity at the equilibrium given
by Freundlich equation at each equilibrium pressure P.
K (mmol g~' kPa™") is the Freundlich isotherm constant, normally
considered as an indicator of adsorption capacity. (1/n) accounts
for the intensity of adsorption.

Breakthrough Experiments
Dynamic adsorption experiments were also carried out in a fixed
bed column consisting of a thermostatized custom quartz tubular
reactor (+0.5°C), with internal diameter of 4 mm. The 400 mg of
carbon sample were packed between two slices of inert quartz
wool inside the column. A previous blank experiment with a
quartz wool piece placed as adsorbent was performed in order
to discard its ability to adsorb CO, as well as any dispersive effect
downstream from the column exit up to the detector. Outlet
concentrations were monitored by mass spectroscopy (Pfeiffer
Omnistar GSD-301) and gas chromatography (490 micro-GC
equipped with PPQ, 5A molsieve and Wax columns, Agilent).
Before the column test was started, a He flow (purity 99.999%)
of 150 cm’ STP/min samples was passed for 2 h at 150°C, in order
to eliminate the possible presence of CO, in the column. Then,
breakthrough curves were obtained by using a flow of 50 cm’
STP/min of a binary mixture composed by 15% CO, and 85% N,
at 25°C from individual streams of N, (purity 99.999%) and CO,
(purity 99.99%). After saturation, the desorption step was carried
out, at the same adsorption temperature, by cutting down the CO,
flow and keeping that of N at the same flow rate until no CO,
was detected in the outlet stream. The amount of CO, adsorbed
at equilibrium was estimated by integration of the area above the
breakthrough curve. Analogously, the amount of CO, desorbed
was calculated by integration of the area below the desorption
curve. Blank experiments were carried out in order to evaluate

the possible N, adsorption under the same operating condi-
tions and negligible N, adsorption was observed. Regeneration
capacity, defined as the capacity of a specific material to be used
in subsequent adsorption-desorption cycles, was evaluated by
adding a second adsorption step right after 2000 s of desorption
at adsorption temperature, time enough to assure complete CO,
desorption.

RESULTS AND DISCUSSION

Materials Characterization

The shape, size, and texture of the samples have been character-
ized by SEM. As an example, Figure 1 shows SEM micrographs
of the different morphologies studied. As expected, samples
GCL, GAL, GAS, and GAWBa present a granular conformation,
with particle sizes mainly ranging from 100 to 150 pm. FCL are
electrospun-activated carbon fibers collected as mats with aver-
age diameters going from 400 nm to 1 pm. These fibers show
smooth surface and neither fusion nor macroscopic defects were
observed. The activated carbon cloth also presents a fibrous
structure, but in this case, carbon fibers are woven and higher
degrees of preferential orientation and packing are achieved. It
can be noticed that chemical treatment with phosphoric acid has
not destroyed the original structure of the denim fabric, at the
impregnation ratio used. The size of these fibers (14-16 pm) is
about 15-20 times greater and more uniform than that of the
sample FCL, manufactured by electrospinning.

Figure 2 presents the N, adsorption-desorption isotherms
at —196°C (Figure 2A) and CO, adsorption isotherms at 0°C
(Figure 2B) of the different carbonaceous materials. The differ-
ent shapes of the curves and amounts of N, and CO, adsorbed
indicate that materials with a wide range of porous structures
have been attained. Sample GCL shows almost negligible N,
adsorption in all range of relative pressures, whereas significant
N, volumes are adsorbed for the rest of materials, decreasing in
the order chemically activated cloth and carbon, GAL, and CAD,
respectively; physically activated carbons GAS and GAWBa; and
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FIGURE 1 | SEM micrographs of GCL, FCL, and CAD.
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FIGURE 2 | N, adsorption-desorption isotherms at —196°C (A) and CO. adsorption isotherms at 0°C (B) of the different carbon materials.
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just carbonized lignin fiber, FCL. FCL presents a clear type I N,
isotherm, with most of the N, adsorbed at low relative pressures
and an almost horizontal plateau from the very beginning of
the curve, which is characteristic of solids with a predominantly
homogeneous narrow micropore structure. A small modification
of the type I isotherms can be noted for the activated samples
CAD and GAS. The more rounded knee of the isotherms at low
pressures and the slight increase in the amount of N, adsorbed
with increasing relative pressures reveal a small broadening of
the microporous structure. Enlargement of the micropores is
much more significant in the activated carbon GAL, as suggested
by the considerable adsorption of N, up to relative pressures of
about 0.4. GAS isotherm displays a very narrow hysteresis loop at
relative pressures around 0.6, representative of a slight develop-
ment of narrow mesopores (Figure 2, inset). The mesoporosity
contribution is greater in GAWBa, as pointed out by the wider
hysteresis cycle.

Adsorption of N, at —196°C is not adequate to characterize
narrow micropores due to diffusional problems of the mol-
ecules inside these pores (<0.7 nm). In this sense, adsorption
of CO, carried out under low relative pressures (<0.03), and
at higher temperatures, 0°C, can give us valuable informa-
tion about this type of microporosity (Linares-Solano, 1986;
Marsh, 1987; Rodriguez-Reinoso and Linares-Solano, 1988).
Significant differences are found in CO, adsorption isotherms
at 0°C (Figure 2B). The activated carbon CAD and GAS show
the highest CO, adsorption capacities at this temperature, with
very similar amount of CO, adsorbed, indicative of narrow
microporosity. However, as aforementioned, they adsorb dif-
ferent amounts of N,, presenting the activated carbon CAD,
a higher amount of wider micropores. The activated carbon
GAL presents an almost linear CO, isotherm, with lower
CO; uptakes than those of the previously mentioned carbons,
in all range of relative pressures. These results point out the
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lower presence of narrow microporosity, in spite of being the
activated carbon with higher N, uptakes. In contrast, analysis
for FCL reflects only slightly lower CO, adsorption amounts
for this carbon than for CAD and for GAS, whereas its N,
adsorption was quite smaller, indicative of a major presence of
more homogeneous narrow microporosity. On the other hand,
a considerable CO, adsorption does take place in the activated
carbon GCL, whose adsorption curve displays a pronounced
knee at very low pressures and an almost horizontal plateau. In
contrast, an insignificant N, uptake at —196°C was observed.
These features are characteristic of solids with a very narrow
microporous structures such as molecular sieves. Finally, the
activated carbon GAWBa shows lower amounts of CO, adsorbed
in the entire range of pressures associated with a less developed
narrow micropore structure. The plausible synergistic effect
of the doping with Barium seems to be not quite important at
this temperature.

The textural parameters calculated from the N, and CO,
adsorption isotherms are summarized in Table 2. All the
carbon materials present very high values of apparent surface
area, reaching, the activated carbon GAL, even more than
2200 m?*/g. The values of external surface are very low, in
general, with the higher value observed for GAWBa, with
130 m?/g. FCL carbon shows very similar values of apparent
surface area obtained by applying the BET and DR methods
to the N, and CO; data, indicating that this carbon material
presents a micropore size close to 0.7 nm (Cazorla-Amoros
etal., 1998). With regard to the pore volumes obtained from N,
adsorption data, almost all the carbons present considerable
values, except GCL. GAL has the highest total pore volume
(1.134 cm® STP/g). However, if the ratio of micropore volume
to total pore volume is analyzed, V) /VPNZ, the carbons GAL
and GAWBa present the lowest contribution of microporosity
to the total pore volume, around 65%. In the case of GCL, a
value of pore volume close to 0 confirms N, adsorption diffu-
sion restrictions on the very narrow micropores (Rodriguez-
Reinoso et al., 1995).

TABLE 2 | Textural parameters obtained from N, and CO; isotherms.

GCL GAL FCL CAD GAS GAWBa
N: isotherm (—196°C)
Apparent surface area
Ager (M?/g) 71 2246 850 1866 1479 708
al (m?/g) 103 2046 1472 2145 1886 832
Al (m?/g) 92 2115 929 1979 1667 805
External surface
Al (m2/g) 4 37 9 30 62 130
Pore volume
Vo.a0s (CM®/Q) 0.038 1.134 0.337 0.876 0.730 0.455
V™ (em¥/g) 0.032 1.088 0.328 0.841 0.649 0.366
V) (cm¥/g) 0.033 0.753 0.331 0.705 0.594 0.287
Vineso (CmM3/Q) 0.006 0.046 0.009 0.086 0.082 0.168
CO; isotherm (0°C)
A% (m?/g) 586 677 916 884 868 429
VDC,-f2 (cm?®/g) 0.235 0.271 0.367 0.354 0.348 0172
5% (nm) 0.58 0.75 0.70 0.68  0.68 0.57

Taking now into account the structural parameters derived
from CO, adsorption data, it can be seen that the micropore
volumes, V5., are, in general, much lower than the values
obtained from N, adsorption data, indicative of a lower pres-
ence of narrow microporosity with respect to that associated
with pores between 0.7 and 2 nm. Nevertheless, FCL and GCL
carbons present very similar and even higher micropore volume
with CO,, respectively, showing a behavior typical of carbon
molecular sieves. Furthermore, FCL accounts for the highest
contribution of narrow micropore volume, with a V)2 / V5 ratio
very close to 1, thus supporting the existence of micropores near
0.7 nm (Cazorla-Amoros et al., 1998). In contrast, GAL presents
lower amount of narrow micropores, despite its exceptional
porosity. CAD and GAS show comparable narrow microporos-
ity development with a small contribution of wider micropores
(Vg / Vie? >1). Finally, the lower pore volume found for sample
GAWRBa likely responds to a partial blockage of the porous struc-
tures by the barium loading (Bedia et al., 2010; Rosas et al., 2010;
Guerrero-Pérez et al., 2011; Calzado et al., 2015). However, due
to the intrinsic nature of the CO, molecule (CO, is a weak Lewis
acid), the enhanced basic character of this sample could influence
its adsorption capacity at higher temperatures.

In order to clarify factors affecting CO, capture capacity under
different conditions, the pore size distribution of all samples is
plotted in Figure 3. FCL shows a unimodal distribution with a
very thick peak associated, almost exclusively, to the presence of
very narrow micropores with the maximum at ~0.58 nm. The
rest of the carbon materials, with the exception of GCL, present
multimodal distributions, with also contribution of micropores
of larger size and even mesopores. At least two main ranges of
micropores can be distinguished for samples GAS, CAD, and
GAWBa: very small micropores with average sizes between 0.62
and 0.66 nm; and micropores with sizes between 1 and 2 nm
for the first two (maximum at 1.4 and 1.6 nm, respectively) or
narrow mesopores (3.0-5.0 nm), in the case of the activated
carbon GAWBa. Data assessed by the N, adsorption/desorption
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FIGURE 3 | Pore size distributions calculated from the N, adsorption
isotherms.
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isotherm for the activated carbon GCL would lack reliability due
to the abovementioned diffusion restrictions derived from its
very narrow microporosity. In this line, analysis and comparison
of the characteristic curves obtained by linearization of the D-R
equation form both the N, and CO, adsorption isotherms provide
interesting information. Figure 4 shows an example of the three
basic types of plots found for the materials studied in this work. In
these plots, well-defined linear behavior is indicative of uniform
pore size distributions, whereas deviation from linearity appears
if microporosity is made up of micropores of different sizes
(Dubinin, 1989). Micropore volumes of diverse size ranges could
be assessed by the interceptions of each distinguished linear zone
(Dubinin, 1989). Figure 4A depicts the D-R plots of GCL for data
obtained from N, (—196°C) and from CO, (0°C) isotherms and
substantial differences are noticed. First, the N, corresponding
points remain always below those of CO,, symptomatic of kinetic
restrictions of the adsorption of N, at —196°C in the narrower
micropores (<0.7 nm). Focusing on the CO, curve, two linear
regions can be seen, being the faintly steeper slope at low pres-
sures [high values of log*(Py/P)] characteristic of the molecular
sieves carbons. Figure 4B, corresponding to FCL, shows that
both characteristic curves maintain linearity in the entire range
of relative pressures and provide identical micropore volumes,
which suggests that this sample contains very homogeneous and
narrow micropores accessible to CO, and N,. Given that both
samples (GCL and FCL) have been obtained from the same
carbon precursor and at the same treatment conditions, the fiber
configuration seems to provide a better access of N, to the narrow
microporosity of this carbon. In contrast, the D-R curves cor-
responding to sample GAWBa (Figure 4C) exhibit some upward
deviations at high relative pressures in both cases (N, and CO,)
and assesses a VgRZ greater than VDCI?Z. This remarks the existence
of a wider microporosity for this carbon. Similar behaviors were
found for the rest of the samples studied.

CO; D-R curves were used to estimate the average narrowest
micropore width (L) by means of the empirical correlation
proposed by Stoeckli et al. (1990), valid for pore sizes between
0.35and 1.3 nm (Cazorla-Amoros et al., 1998). For samples with
a wide micropore size distribution, only the linear zone at lower
relative pressures has been considered. The calculated values
have been included in Table 2. FCL presents an average pore size

of 0.7 nm that almost coincides with the pore diameter of the
maximum of the narrow pore size distribution observed for this
sample in Figure 3, obtained from the N, isotherm. GAS and
CAD show an average micropore size of 0.68 nm, also matching
the maximum of the N, pore size distributions in the narrow
micropore region. A similar result can be found for GAWBa. On
the other hand, the CO; results show that GCL contains micropo-
res of much reduced dimensions, with an average size of 0.58 nm
(Table 2). This value is very different from that attained from
the N, isotherm, which shows a small peak at a pore diameter
of 1 nm (Figure 3). These results clearly reflect the diffusional
limitations of N, molecule in the narrow microporosity of this
carbon at such a low temperature (—196°C) and reinforce the idea
of this technique not being adequate to characterize this narrow
microporous structure. GAL shows an average micropore size of
0.75 nm (Table 2), a value much lower than the maximum at
c.a. 1.1 nm of the broad pore size distribution of this sample in
Figure 3. This suggests that adsorption of CO; a 0°C only takes
into account a part of the wide microporosity, obviating the larger
micropores and the narrow mesopores that are also present in
this sample.

Adsorption Equilibrium Studies

Equilibrium and kinetic studies are essential for envisaging
the viability of using an adsorbent for a particular application,
especially in gas separation processes. Figure 5 represents
the equilibrium adsorption isotherms of pure CO,, from 0 to
101.3 kPa and 25°C, on all the carbon materials prepared. An
increase in CO, pressure leads to an increase in CO, adsorp-
tion capacity for all the samples, yet different behaviors can be
discriminated. On the one hand, activated carbon GAL isotherm
exhibits almost a linear shape characteristic of weak interactions
between the adsorbate and the adsorbent (Henry-type). CAD and
GAS equilibrium isotherms are almost linear as well, although
they reflect higher CO, adsorption capacities in the entire range
of pressure covered. Finally, another type of isotherm can be
noticed for samples GCL, FCL, and GAWBa. The more rounded
shape of these equilibrium curves indicates stronger interactions
adsorbate-adsorbent. Table 3 summarizes the equilibrium CO,
capacity values reached up to 101.3 kPa, which are in the range
of 2.0 mmol/g, for GAWBa, to 3.1 mmol/g, for FCL. GAS and

A 3.0 B 3.0 C 30
25 2.5 N 25 N
CO, —_ ) : hm-n*\:
.20 \%‘\ 2 2.0 ~ 2.0
P < =1
1.5 Z 15 > 1.5
< 1.0 ' °° g 10 10 0
g 0-5 N |7 € = 0-5
~ |GCL 0.5 FCL - GAWBa
0.0 — 0.0 0.0
02 4 6 8 10 0 2 4 6 8 10 024628101214
2
log*(Py/P) log2(Py/P) logX(P,/P)
FIGURE 4 | Characteristic N> (—196°C) and CO. (0°C) D-R curves for samples (A) GCL, (B) FCL, and (C) GAWBa (fx2 = 0.33; fcoz = 0.35).
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CAD values are very similar and only slightly lower than the
maximum achieved by FCL. Activated carbons GCL and GAL
also reflect comparable CO, retention capacities at atmospheric
pressure, despite the noticeable different shape of their isotherms
(see Figure 5).

In order to actually evaluate the potential of the different
materials, it is important to consider the CO, uptakes at typical
CO; pressure in post-combustion applications, which are around
15 kPa. Under these conditions, CO, capacities fall to the range
of 0.7-1.2 mmol/g. It is worthy to highlight that these values are
still higher or equal than those reported from some commercial
carbon-based adsorbents, i.e., Norit R2030 CO, (Plaza et al,,
2015), BPL (Chue et al., 1995), Norit AC 1 Extra (Dreisbach
etal., 1999), BrightblackTM (Hornbostel et al., 2013), or VR-5-M
(Wahby etal., 2010), very similar to some carbon fiber composites
obtained by petroleum pith (Thiruvenkatachari et al., 2013), or
even to other attractive adsorbents such as some MOFs (Krishna
and Van Baten, 2012; Li et al., 2012; Sabouni et al., 2013; Xu
et al., 2013; Xian et al., 2015) and zeolites (Hefti et al., 2015),
tested under similar operating conditions. In addition, it should
be kept in mind that these materials would present the added
value of having being prepared by valorization of highly available
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FIGURE 5 | Equilibrium adsorption isotherms of CO, at 25°C over all
the samples.

underutilized biomass residues and using much more inexpen-
sive, straightforward, and easy to scale-up procedures.

As it can be observed from the inset in Figure 5, it is also
interesting that at 15 kPa, the sequence of increasing CO, adsorp-
tion capacities differs from that shown at atmospheric pressure.
Specifically, adsorption capacity of the GCL activated carbon
is higher than those of CAD and GAS samples, which do still
remain very close. Adsorption capacity is strongly influenced by
the structural characteristics of the adsorbent and the operating
conditions, since different mechanisms may be involved. At low
pressures, the volume-filling mechanism (driven by adsorb-
ate—adsorbent short-range non-specific attractive and repulsive
interactions) governs, and therefore, the adsorption potential
would be enhanced in very small micropores due to the overlap-
ping of the potential fields from the neighboring walls (Dubinin,
19665 Sing, 1995). At higher pressures, adsorption can occur via
surface coverage and wider micropores become more relevant. In
this context, theoretical and empirical investigations have tried
to clarify the role of small narrow micropores in the CO, uptake
under typical post-combustion conditions. Some authors pro-
posed that pores lower than five times the size of CO, molecule
(0.209 nm) maximize CO, adsorption, proposing, in that case,
pores lower than 1 nm (Maroto-Valer et al., 2005). Other authors
also reported that CO, capture basically depends on micropores
with sizes below 0.8 nm (Presser et al., 2011; Lee and Park, 2013;
Sevilla et al., 2013; Wickramaratne and Jaroniec, 2013). Improved
CO; retention capacities have been ascribed to even smaller
diameters as well (Martin et al., 2010; Wahby et al., 2010; Wei
etal., 2012; Sethia and Sayari, 2015). Zhang et al. (2013) described
that critical pore size increased with decreasing adsorption
temperature and found that micropores with sizes below 0.54,
0.7, and 0.8 nm were determinant for adsorption at 75, 25, and
0°C, respectively (Zhang et al., 2013). However, inconsistencies
between authors are common depending on the conditions or
characteristics studied, and seeking an advanced adsorbent is still
very much empirical (Martin et al., 2010).

Bearing all that in mind and taking into account data sum-
marized in Table 2, along with the porous size distributions of the
different carbon materials, analysis of the results herein presented
may provide new insights of the critical role of structural charac-
teristics, and more precisely, of narrow micropores, on the CO,
adsorption potential. The activated carbon GAL, despite owing
the highest specific surface area (Aper = 2246 m?/g) and total pore

TABLE 3 | Experimental CO; capacity (15 kPa; 101.3 kPa) and characteristic isotherm parameters obtained from equilibrium studies at 25°C.

1
Sample CO; uptake (mmol g-') Langmuir|C, = q. K P Freundlich|C, = K - (p);]
1+K,-P
101.3 kPa 15 kPa q. (mmol g') K. (kPa™) R? K (mmol g kPa™) n R?

GCL 2.20 0.92 2.71 0.034 0.997 0.200 1.9 0.992
GAL 2.38 0.52 6.39 0.006 0.999 0.059 1.3 0.999
FCL 3.13 1.19 4.21 0.024 0.998 0.222 1.7 0.996
CAD 2.98 0.79 5.66 0.010 0.999 0.112 1.4 0.999
GAS 3.06 0.80 5.82 0.010 0.999 0.114 1.4 0.999
GAWBa 1.98 0.68 2.65 0.023 0.995 0.136 1.7 0.999
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volume (Vog9s = 1.134 cm’/g), presents very poor performance
as a consequence of insufficient narrow microporosity. In fact,
more than 75% of its porosity comes from super-micropores
(>0.8 nm), as indicated by the ratio V53 /V,,. =0.24. In
contrast, FCL has almost exclusively very narrow micropores
(maximum at ~0.70 nm), which remarkably favors and strength-
ens the interaction forces responsible of the adsorbate adsorption.
Additionally, the outstanding narrow micropore volume of these
fibers is the highest among the studied samples, thus justifying the
greater CO, uptake values over the entire range of pressures. In
the case of the samples GAS and CAD, they account with nearly
identical narrow micropore volumes and pore size distributions
in the range of micropores <1 nm, with an average narrow
micropore width of 0.68 nm. The presence of certain amount of
wider micropores explains the more linear shape of the curve. As
compared with them, GCL demonstrates better performance at
low pressures, whereas the trend is changed with increasing pres-
sures. This material has lower volume of narrow micropores, but
they are very uniformly distributed and present a smaller average
size (approx. 0.58 nm). If higher pressures were involved, wider
micropores would start to contribute and materials with slightly
greater micropores, such as GAS or CAD, will be able to enhance
CO; uptakes. On the other hand, role of mesopores seems to be
negligible, as indicated by the similar shape of the GCL isotherm
with respect to that of GAWBa, in which very narrow micropores
of about 0.57-0.6 prevails but some small mesopores (maximum
at 4.7 nm) also exists. In this case, the decrease in the CO; reten-
tion capacity is most likely due to its lower V<", Figure 6 depicts
the CO; capacities (25°C, 101.3 kPa) versus the narrow micropore
volume, derived from the CO, adsorption data at 0°C (VDC;) >), of
the samples. A very good correlation exists for materials exhibit-
ing similar narrow micropore sizes. The small positive deviation
of GAWBa can be associated with the effect of the Ba doping.

On the other hand, results obtained at 15 kPa present the fol-
lowing sequence FCL > GCL > CAD =~ GAS > GAWBa > GAL of
CO, uptake at 25°C. These values cannot be directly associated with
any of the structural parameters initially evaluated (see Table 2).
However, when the cumulative pore volume is calculated as a
function of the pore size, results are revealing. These distributions,
assessed from the CO, adsorption isotherms at 0°C by applying
the DFT method, are plotted in Figure 7. It can be observed that
the cumulative pore volume only presents the same trend found
in the inset of Figure 5, when pore sizes lower than 0.7 nm are
considered. This reinforces the role of very narrow micropores
in CO, adsorption under post-combustion conditions and seems
to specifically match it to micropores below 0.7 nm. Likewise, it
confirms that CO, uptake at higher pressures is affected by slightly
wider micropores because of the coverage surface adsorption
mechanism that would be involved under those increasing con-
centrations. For instance, a good agreement between CO, capacity
values and cumulative pore volume is only achieved by taking into
account micropores up to approximately 1.0 nm.

Equilibrium isotherms were fitted using the typical models of
Langmuir and Freundlich. Table 3 presents the characteristics
parameters assessed from both models. The goodness of the
multiple fits can be appreciated by the R* values. Both models are
able to describe satisfactorily the experimental data although, as
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FIGURE 6 | Relationship between the experimental adsorption
capacity (25°C, 101.3 kPa) and the narrow micropore volume, V,5%:.
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FIGURE 7 | Cumulative pore volume distributions from the CO,
adsorption isotherms at 0°C.

it would be expected, Langmuir model accuracy is slightly greater
over samples GCL and FCL, whereas the Freundlich equation
gives better estimations for CAD, GAS, and GAWBa. In the
range of microporous, the first two materials are characterized
by very uniform and narrow distributions, which strengthen the
interaction forces and seem to ensure more uniform energies of
adsorption onto the surface while reducing transmigration of the
adsorbed molecules and the formation of multiple layers. The
other samples have a broader microporosity, thus favoring the
heterogeneity of the surface and moving off from the Langmuir
assumptions (Ruthven, 1984; Do, 1998).

Breakthrough Experiments

Notwithstanding that it seems clear that materials with very
uniform narrow micropores would be desirable to ensure high
equilibrium adsorption capacity, their response may be influenced
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by other structural properties when exposed to real operation
conditions; herein, typical dynamic conditions of post-combus-
tion applications. For instance, wider micro- or mesoporous can
facilitate the diffusion of the adsorbate to the inner porosity and
promote faster kinetics. In addition, for a potential scale-up of
the adsorption process, other factors such as morphology, par-
ticle size, density, easy of regeneration, etc., must be taken into
consideration as well.

In this line, to evaluate the effect of some of the abovemen-
tioned aspects, dynamic adsorption-desorption studies have
been carried out over four of the samples that have demonstrated
substantial CO, uptakes and present different physicochemical
properties and morphologies: GCL, FCL, GAS, and GAWBa.
Table 4 reports the length and density of the beds obtained
for the different samples. In each analysis, it was checked that
the ratio of bed length to particle diameter was larger than 20
to minimize axial dispersion effects. As expected, for the same
weight of adsorbent, the bed length of granular activated carbons
is much smaller than the bed length of the carbon fiber, as a
result of a considerably greater bed density for the former. This
is very important from a practical point of view, as the size of the
required adsorber in the final application would depend on it.
However, very high bed densities would lead to adverse pressure
drops through the column and loses in the overall efficiency of the
process (Ruthven, 1984).

Figure 8 compares the breakthrough profiles obtained for
each selected material at 25°C, 101.3 kPa, and 15% CO, in N,.
All the experimental curves present the typical S-shaped curve
for column operation with favorable adsorption isotherms (Yang,
1987). GCL displays the broadest breakthrough curve, whereas
GAWBa and GAS express the steepest ones, which indicates
that intraparticle diffusion must be the mass transfer rate limit-
ing mechanism. It must be taken into account that GCL can be
considered as a molecular sieve, with a porous structure mainly
constituted by very narrow micropores (average size of 0.58 nm),
thus possibly entailing diffusion and mass transfer limitations,
which lead a lower slope breakthrough curve. In contrast, the
other two samples exhibit a wider microporosity and even some
contribution of small mesopores, due the activation process,
which aid in the diffusion of the adsorbate to the inner narrow
micropores. Presence of these bigger pores, while not enhancing
the equilibrium adsorptive capacities, does seem to be advanta-
geous for real applications. The activated carbon fibers, FCL,
shows a curve with a little less slope than GAS and GAWBa but
significantly steeper than GCL. This clearly remarks some of the

benefits of this kind of conformations: porosity of this sample
is made up almost exclusively by narrow micropores as small
as those prevailing in GCL; nonetheless, its submicron fibrous
structure makes all the microporosity accessible for adsorption
and substantially reduces the mass transfer resistance.

The characteristic breakthrough appearance or bed service
time (BST) and the height of the mass transfer zone (Hwrz)
have been determined from the dynamic experimental curves.
Herein, the BST has been established as the time required for
the outlet concentration to reach a 5% of the inlet concentration
(P/P;=0.05). This time is inversely related to the Hyrz and would
be proportional to the actual operating adsorption capacity of
the adsorbent. The height of the mass transfer zone has been
determined according to the equation:

w. AMTZ
AT
Hyypy = m

where W (g) is the mass of the adsorbent, R, (cm) and py, (g cm™)
are the bed radius and density, respectively, Ar is the total area
above the breakthrough curve, and Ayt is the area above the
curve from the BST. Hyrz depends on the interactions between
the experimental conditions and the surface properties of the
adsorbent and provides an estimation of the actual use of the
adsorption bed (Ruthven, 1984). Specifically, percentages of
utilization have been assessed by the ratio between the area above
the curve up to the BST and the total area above the breakthrough
curve until the bed saturation time.

Table 4 compiles the experimental CO, adsorption capacities,
as well as the BST and Hyr values obtained from the dynamic
runs. Values of capacities estimated by means of the Langmuir
and Freundlich equations, derived from the equilibrium adsorp-
tion experiments, have also been included with comparative
purposes. For the studied samples, it can be observed that a good
agreement between experimental and predicted amounts of
CO; adsorbed was found. Looking at the BST and breakthrough
capacity values, FCL, the sample that showed the highest adsorp-
tion capacity in the equilibrium studies also presents the highest
BST. Very similar behavior can be detected for the two activated
carbons, GAS and GAWBa, despite owing very different surface
chemistry, suggesting that under the dynamic conditions studied,
also porous structure is more relevant. GCL presents the shortest
values. On the other hand, Hwr, values vary according to the
material properties and indicate an actual use of about 74-78%

TABLE 4 | Experimental parameters for breakthrough curves and comparison between experimental CO, capacities (0.4 g of adsorbent, 25°C,
101.3 kPa, 15% CO; in N,) and Langmuir and Freundlich models predictions (25°C, pure CO,, 15.2 kPa).

Sample L, (cm) po (g cm—) Cexp (mmol g~')2 C. (mmol g-)° Cr (mmol g-')° BST (s) Hurz (cm) % reg¢
GCL 4.0 0.796 0.88 0.92 0.85 18 3.0 96.6
FCL 21.0 0.152 1.29 1.13 1.08 76 55 99.9
GAS 6.0 0.531 0.80 0.77 0.80 49 1.3 96.4
GAWBa 6.5 0.490 0.72 0.68 0.67 45 1.6 7.7

aExperimental CO. breakthrough adsorption capacity calculated at P/P; = 0.99.
bTheoretical capacity assessed by the Langmuir equation.

°Theoretical capacity assessed by the Freundlich equation.

9% of CO. regenerated after a 2000-s desorption cycle.
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FIGURE 8 | CO; breakthrough curves at 25°C and 101.3 kPa (0.4 g of
adsorbent, 50 cm?® STP/min, 15% CO: in N,) over the samples GAS,
GAWBa, GCL, and FCL.

of the available CO, capture capacities for samples FCL, GAS, and
GAWBa. The above discussed diffusion and mass transfer limita-
tions make this percentage to fall down to approximately 25%
for the activated carbon GCL, what would imply the necessity of
increasing the bed length (or the bed weight) to achieve a better
use of the adsorbent. The comparison of these values to others
reported in the literature shows that the capacity value obtained
in column experiments for the activated carbon fiber, FCL, is con-
siderably higher than those reported by Jadhav et al. (2007) with
modified zeolites 13X; and Sjostrom and Krutka (2010) with dif-
ferent carbon materials at very similar experimental conditions.
Regeneration capacity, defined as the capacity of a specific
material to be used in subsequent adsorption-desorption cycles,
is another key issue that can be addressed by dynamic fix bed
studies. As an example, an adsorption-desorption—-adsorption
cycle of CO; at 25°C over the activated carbon fibers FCL has
been plotted in Figure 9. This sample has proven an excellent
regeneration potential: after the saturation step, CO, adsorbed
is easily recovered by switching the inlet flow to pure N, at the
same adsorption temperature; and the same adsorption capacity
is accomplished in a second adsorption step. Similar results were
observed up to 10 cycles of adsorption-desorption. In the present
study, regeneration capacity has been determined based on the
amount of CO, desorbed after a desorption step of 2000 s to that of
CO; adsorbed at the end of the adsorption step (%reg). Values are
also presented in Table 4. After this desorption time, the sample
FCL showed 99.9% of regeneration capacity. In contrast, a 78% of
regeneration was found for the activated carbon impregnated with
barium acetate, due to the presence of stronger interaction forces
between the CO, and the barium surface sites, of basic character.
This is in agreement with previously reported adsorption mecha-
nisms over other carbon materials with basic functionalities and
is mainly attributed to different polarities of adsorbate and adsor-
bent surfaces. Thus, in this case, further or complete regeneration
would require longer desorption times or alternative regeneration
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FIGURE 9 | Cycle of adsorption-desorption-adsorption of CO, at 25°C
and 101.3 kPa (0.4 g of adsorbent, 50 cm?® STP/min, 15% CO. in N,)
over the activated carbon fiber FCL.

strategies, for instance, temperature swing adsorption (Hedin
et al., 2013). These results are really interesting if they are com-
pared to other inorganic materials. In this sense, the highest CO,
adsorption capacity shown in this work is slightly lower than the
value reported by Aschenbrenner et al. (2011) with hydrotalcite-
like compounds. However, they need to supply much energy in
the regeneration step, because desorption takes place at 300°C. On
the other hand, Sumida et al. (2012) pointed out in its review that
CO; adsorption capacity is considerably reduced in regenerated
MOFs due to the strong interaction with the adsorption sites. In
this line, it is worth mentioning that the activated carbon or even
the simply carbonized samples studied in this work show very
high regeneration capacities, near 100%, indicating weak interac-
tions adsorbate—adsorbent, low heat of adsorption and, therefore,
easiness of regeneration. This factor would be crucial for a feasible
actual application of any potential adsorbent and represents a step
forward with respect to other types of materials such as MOFs or
zeolites, as aforementioned, since energy requirements and cost
of the overall adsorption process are related to its regeneration.

CONCLUSION

A series of carbon materials with different morphologies and
porous structural properties have been synthesized from biomass
byproducts and residues and evaluated as potential adsorbents
for CO; capture under post-combustion conditions.

Equilibrium studies of these porous materials showed that CO,
capacities at 25°C and 101.3 kPa are comparable to those reported
for other carbon materials. Furthermore, at that CO, pressure,
they can be well correlated with the narrow micropore volume,
derived from the CO; adsorption data at 0°C (V;5y* ). On the other
hand, CO, capacities at 25°C and 15 kPa are more related to the
amount of pores of sizes lower than 0.7 nm, as indicated by the
analysis of the cumulative pore volume as a function of the pore
size, assessed from the CO, data at 0°C.
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Dynamic adsorption-desorption studies in column system
(25°C, 15 kPa CO,) revealed really promising breakthrough
adsorption capacities, as well. For instance, an activated carbon
fiber synthesized from Alcell lignin, FCL, exhibited a capacity
value of about 1.3 mmol/g (5.7%wt). Additionally, the carbon
materials displayed excellent regeneration capacities after a sim-
ple, fast, and no high-energy-demanding desorption treatments
carried out at the same operational temperature and pressure.
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