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Abstract: Traditional methods to develop biomass-based carbon adsorbents generally involve car-
bonization followed by chemical or physical activation. However, routes involving the hydrothermal
treatment of biomass are receiving growing interest. In this work, two different strategies for the
synthesis of sustainable CO, adsorbents are compared, i.e., in situ ionic activation and hydrothermal
treatment followed by activation with CO,. The latter is a green and simple procedure that does not
require the addition of chemicals or acid-washing stages, and which leads to carbon adsorbents with
relatively high CO, adsorption capacity at low pressures, up to 0.64 mmol g~ ! at 15 kPa and 50 °C,
conditions relevant for postcombustion CO, capture applications. On the other hand, in situ ionic
activation can lead to carbon adsorbents with superior CO, adsorption capacity in the aforemen-
tioned conditions, 0.78 mmol g_l, and with reduced cost and environmental impact compared to

conventional chemical activation.

Keywords: CO, capture; adsorption; hydrothermal carbonization; biomass; in situ ionic activation;
activated carbon

1. Introduction

The Paris Agreement, ratified by 195 of the Parties, aims to hold the increase in the
global average temperature to well below 2 °C above preindustrial levels and to pursue
efforts to limit the temperature increase to 1.5 °C, recognizing that this would significantly
reduce the risks and impacts of climate change [1]. Limiting warming to 1.5 °C implies
reaching net zero CO, emissions globally around 2050 [2]. Achieving net zero CO, and
greenhouse gas (GHG) emissions requires system transformations across all sectors and
contexts, including scaling up renewable energy while phasing out unabated fossil fuels,
ending deforestation, reducing non-CO; emissions, and implementing both supply- and
demand-side measures [3]. The 28th meeting of the Conference of the Parties (COP28)
to the United Nations Framework Convention on Climate Change (UNFCCC) led to the
first global stocktake (GST) under the Paris Agreement that assessed the global action on
climate change and set out the ambitious actions needed to keep the 1.5 °C climatic goal
within reach. Parties adopted a decision on the GST that recognizes the need for deep,
rapid and sustained reductions in GHG emissions in line with 1.5 °C [4].

CO; capture and storage (CCS) involves the separation of CO; from large stationary
sources, such as power plants and factories, and its compression, transport, and permanent
storage, in order to avoid its emission to the atmosphere [5]. CCS should prevent locked-in
emissions from existing (and planned) infrastructure in the power and industry sectors,
forming part of a wider portfolio of measures that need to be implemented in order to
meet the climate goals [2,6]. CCS is a proven technology that has reached commercial scale,
with a current global capacity of near 50 Mtpa [7]. However, according to the net zero
emissions (NZE) by 2050 scenario of the International Energy Agency (IEA), which limits
global warming to 1.5 °C, the global CCS capacity needs to be deployed up to 1 Gt by 2030
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and up to 5.5 Gt by 2050 [6]. This is technically feasible, although it requires urgent action.
In the NZE scenario, a further 0.6 Gt of CO, would be captured for utilization by 2050 [6].

Several separation technologies can be used to accomplish the CO, capture step:
absorption, adsorption, membranes, cryogenic distillation, etc. [8]. CO, capture from
low-pressure streams, such as flue gas, is generally carried out by absorption with amine
solutions [9]. This is a mature technology used since 1930 for the sweetening of natural
gas [10]. However, it has a series of disadvantages, like corrosion [11], amine degrada-
tion [12], high energy intensity [13], environmental impact [14], and additional stress to
scarce water resources [15]. On the other hand, adsorption is an environmentally friendly
technology, with none of the previous disadvantages [16]. Adsorption-based CO; capture
has reached commercial-scale demonstration in the industrial sector, at the Valero Refinery
in Port Arthur, USA [17].

The performance of an adsorption-based CO; capture process is intrinsically related to
the properties of the adsorbent used, so the development of efficient adsorbents is critical
to develop the technology. An ideal adsorbent for CO, capture should have the following
characteristics: high working capacity, fast adsorption and desorption kinetics, availability,
stability, low cost, and an easy regeneration. Zeolites, aluminas, carbon-based materials,
silicas, amine-based solid sorbents, metal oxides, metal salts, double salts, hydrotalcites,
metal organic frameworks (MOFs), zeolitic imidazole frameworks (ZIFs), porous organic
polymers (POPs), polymers, composite materials, and a variety of waste-derived materials
have been evaluated as adsorbents for different CO, capture applications [18-22]. Providing
specific details of the different types of CO, adsorbents, including current challenges, is out
of the scope of the present work, but these can be found in dedicated extensive reviews [22].
Among the CO, adsorbent candidates, carbons have a series of significant advantages for
large-scale CO; capture applications: cost-effectiveness, fast adsorption and desorption
kinetics, low energy requirements for regeneration, excellent thermal, mechanical, and
chemical stability, and high thermal conductivity [21,22]. Moreover, carbon adsorbents can
be developed from waste biomass, which is a low-cost, renewable, and climate-neutral
source of carbon widespread all around the world, aligning with green synthesis, circular
economy, and climate neutrality principles [22,23].

Biomass-based carbons have been traditionally produced through chemical activation,
which consists of mixing the feedstock with activating agents such as KOH, NaOH, ZnCl,,
H;3PO,, K;CO3, H;SO4, FeCl3, MgCly, or CaCl, and heating the mixture in an inert atmo-
sphere; or through physical activation, which refers to the controlled gasification of the
precursor with HyO, COp, air, or a mixture of these; both methods can be carried out in a
single step or in a two-step procedure, where the activation is preceded by a carbonization
process carried out at atmospheric pressure under inert atmosphere. However, routes
involving a hydrothermal treatment of the biomass feedstock have been receiving growing
interest in recent years due to the appealing properties of hydrochars as precursors of
carbon adsorbents [23,24].

A new synthesis strategy, in situ ionic activation, has been recently proposed to
produce microporous carbons with an extremely narrow pore size distribution that are
promising for CO, capture applications [25-28]. In general, hydrochars present a greater
amount of oxygen-containing functional groups, such as hydroxyls or carboxyls, than
conventional biochars [23]. In situ ionic activation makes use of that characteristic to
exchange the protons (H") of the surface groups by potassium ions (K*). The subsequent
heat treatment of such K-exchanged hydrochars leads to ultramicroporous carbons with
appealing properties for gas separation applications, while making use of significantly
lower amounts of activating agents than conventional chemical activation, thus improving
the economics of the process and its environmental impact [29].

In this work, in situ ionic activation is compared to hydrothermal treatment followed
by physical activation with CO, as the synthesis route for developing efficient CO, adsor-
bents. A residue from the food industry is used as the carbon source in both cases: the
solid waste from horchata manufacturing. Horchata is the sweetened liquid extract that
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results from the mechanical pressing of Cyperus sculentus tubers (also known as tiger nuts,
earth almonds, or chufas). In Spain, 8 kt of tiger nuts are collected annually, 90% of which
are used for horchata production. The solid waste from horchata manufacture is generally
used for combustion, composting, or animal feed, although its use as dietary fiber in food
processing [30], as raw material for biocomposite production [31], or as biosorbent for metal
removal [32] has been proposed.

2. Materials and Methods
2.1. Raw Materials

The solid waste of a batch of homemade horchata, referred to from now on as HSW,
was recovered by filtration. HSW was air dried at low temperature (60 °C) to preserve the
sample for further treatment, and its particle size was reduced to below 1 mm. Figure 1a
shows a picture of tiger nuts and Figure 1b of HSW.

(@) (b)
Figure 1. Picture of: (a) Cyperus sculentus tubers (also known as tiger nuts, earth almonds, or chufas);
(b) HSW.

2.2. Hydrothermal Treatment Followed by Activation with CO,

A first series of carbon adsorbents were prepared by a two-step procedure: 10 g of
wet HSW was placed into a 45 cm3 Teflon-lined autoclave (Parr 4744) and heated up to
120-190 °C for 3 h in a programmable oven. The resulting hydrochar was recovered by
filtration, washed with distilled water and ethanol, and dried under vacuum at 60 °C for 8 h.
Subsequently, the hydrochar was pelletized into small cylinders with a diameter of 4 mm
by uniaxial compression using a single stamping tablet machine (maximum impulsive
force 15 kN) without binder addition. The hydrochars were denoted as HSWH-x-y where
x represents the temperature of the hydrothermal treatment (in °C) and y its duration
(in h). The hydrochar pellets were then subjected to a heating rate of 5 °C min~! in CO,
flow up to a target temperature of 800 °C and held at this temperature for a given time.
The final carbons were denoted as HSWHC-x--z-t, where x represents the temperature of
the hydrothermal treatment (in °C), y its duration (in h), z the temperature (in °C) of the
activation in CO, flow, and t the holding time at this temperature (in min). Figure 2 shows
a schematic representation of this synthesis protocol.
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Figure 2. Schematic representation of the carbon synthesis protocol consisting on hydrothermal
treatment followed by activation with CO;.

2.3. In Situ Ionic Activation

An in situ ionic activation method adapted from Zhang et al. [26] was followed to
prepare the second series of carbons. In a typical synthesis, ca. 2 g of dry HSW was
dispersed in 25 cm® of a potassium hydroxide (KOH) solution (mass ratio of precursor
to KOH 4:1) and stirred for 30 min. The mixture was then transferred into a 45 cm3
Teflon-lined autoclave and heated up to 160-190 °C for 8 h in a programmable oven. The
resulting hydrochar was recovered by filtration, washed with distilled water and ethanol,
and dried under vacuum at 60 °C for 8 h. Subsequently, the hydrochar was pelletized
following the previously described procedure. The pellets were then subjected to a heating
rate of 10 °C min~! in N flow up to a target temperature of 600-800 °C and held at this
temperature for 2 h. After cooling, the carbons were dispersed in 10 cm® of 10 wt.% HCl
solution and stirred for 30 min and then washed with distilled water until neutral pH. The
obtained carbons were dried under vacuum at 60 °C for 8 h. The final carbons were denoted
as HSWIA-x-y-z, where x represents the temperature of the hydrothermal treatment (in
°C), y its duration (in h), and z the temperature (in °C) of the final activation in N flow.
Figure 3 shows a schematic representation of this synthesis protocol.

60 °C
0.05 kPa
2: 600-800 °C +H,0
2h T
~ y HSWIA-x-y-z
+ HCI (10 wt.%) 60 °C
30 min 0.05 kPa

8h
Figure 3. Schematic representation of the carbon synthesis through in situ ionic activation.

2.4. Characterization

The moisture content of HSW was measured using an MB45 moisture analyzer from
Ohaus, and its elemental composition was analyzed using a CHNS-932 from LECO.

The morphology of selected samples was studied by scanning electron microscopy
(SEM) using a Quanta™ 650 FEG, from FEI Company, equipped with an S/TEM detector.
The inorganic matter found in the backscattered electron images was analyzed by energy
dispersive X-ray microanalysis (EDX) using an analyzer coupled to an Apollo X detector
from Ametek-EDAX. HSW was sputter coated with an ultrathin film of electrically con-
ductive metal (Ir) to prevent the charging of the poor conductive biomass in the SEM, thus
increasing the signal-to-noise ratio.

The narrow microporosity of the samples (up to 1 nm) was assessed from the CO,
adsorption isotherms at 0 °C, following IUPAC recommendations [33]. These were mea-
sured in a TriStar 3000 apparatus from Micromeritics using a thermostatic bath circulator
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equipped with a D8-G Fisons for temperature control from Thermo Haake (£0.02 °C).
Prior to the adsorption measurements, the samples were evacuated at 100 °C overnight
in a VacPrep 061 degasser from Micromeritics. The micropore volume, Vpg co2, was
determined making use of the Dubinin—-Radushkevich (DR) equation [34] assuming an
affinity coefficient of 0.36 in the relative pressure range between 0.0001 and 0.005. The
average micropore width (L) was calculated through the Stoeckli-Ballerini equation [35].
The narrow micropore size distribution (NMPSD) was calculated by the original density
functional theory (DFT), using CO; at 0 °C in a carbon slit pore model, with non-negative
regularization and little smoothing (0.005).

2.5. Equilibrium of Adsorption

The equilibrium of adsorption of CO, was evaluated at 25 and 50 °C, in a TriStar
3000 apparatus from Micromeritics, using a thermostatic bath circulator equipped with
a D8-G Fisons for temperature control from Thermo Haake (0.02 °C). The reversibility
of adsorption was corroborated by measuring the adsorption and desorption isotherms.
Prior to the adsorption measurements, the samples were evacuated at 100 °C overnight in
a VacPrep 061 degasser from Micromeritics.

The isosteric heat of adsorption of CO, was estimated from the experimental adsorp-
tion isotherms of CO; at 0, 25, and 50 °C, making use of the Clausius—Clapeyron equation
applied to adsorption [36]:

(—AH) [amp] n
Cu

R, T? aT

where (—AH) is the isosteric heat of adsorption (J mol~!) at a selected adsorbed amount
Cy (mol g’l), T is the temperature (K), P is the pressure of the gas phase (Pa), and Rg the
universal constant of gases (8.314 ] mol~! K~1). The value of the isosteric heat of adsorption
was calculated from the slope of the plots of [nP vs. 1/T at constant adsorbed amounts
with linear regression coefficient greater than 0.99. The values of P for a given adsorbed
amount were interpolated from the two closest experimental measurements.

The equilibrium of adsorption of N was evaluated for selected carbons at 50 °C, in a
TriStar 3000 apparatus from Micromeritics, using a thermostatic bath circulator equipped
with a D8-G Fisons for temperature control from Thermo Haake (4-0.02 °C). Prior to the
adsorption measurements, the samples were evacuated at 100 °C overnight in a VacPrep
061 degasser from Micromeritics.

The equilibrium selectivity of CO, in relation to N (Sco, /) is defined by Equation (2) [37]:

Cy,co,/ Pco,
Sco,/N, Cons/ P 2)
where C,, co, and C, n, are the CO, and N adsorbed amounts (mol g~ 1) from a binary gas
mixture of CO, and N, with partial pressures Pcp, and Py, (Pa).

Sco, /N, was estimated for selected carbons making use of the ideal adsorbed solution
(IAS) theory [38] to calculate the amount of CO; and N, adsorbed from binary gas mixtures
with CO, molar fractions between 0.01 and 0.9 at 50 °C and atmospheric pressure. The
Toth adsorption model parameters were fitted to minimize the sum of square residuals
between the pure component experimental adsorption data measured at 50 °C and the
data calculated by the Toth model making use of the Solver Add-in in Excel. The Toth
parameters were then added to the IAS.M Matlab routine written by D.D. Do [37] to obtain
the values of C;, co, and Cy, N, for every CO, molar fraction of the gas phase. Once all the
necessary data were collected, the Scp, /N, was calculated making use of Equation (2).
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3. Results and Discussion
3.1. Precursor Characterization

The carbon feedstock has a significant effect on the properties of the hydrochar and
the final carbon [39]. The proximate and ultimate analysis of HSW can be found in Table 1,
together with other agro-food wastes that have demonstrated excellent precursors of CO,
adsorbents: spent coffee grounds (SCG), olive stones (OS), and almond shells (AS), which
have been included for comparison purposes.

Table 1. Proximate and ultimate analysis of HSW and other biomass precursors of CO, adsorbents.

Proximate Analysis Ultlm(;’:’e i‘rf\)a lysis
: - Reference
Moisture Ash Volatile Matter C H N o*
(%) (%, db) (%, db)
HSW 78.1 1.7 84.9 54.6 7.8 1.2 36.4 This work
SCG NA 1.3 829 56.4 7.0 2.6 34.0 [40]
(O] 1.77 0.8 85.4 51.6 6.0 0.2 422 [41]
AS 0.81 1.3 82.3 514 6.1 0.3 42.2 [42]

db: dry basis; daf: dry ash-free basis; * calculated by difference; NA: not available.

The moisture content of HSW, 78%, is similar to that found in a previous study [31],
although the industrial waste is expected to have a lower moisture content, in the vicinity
of 60% [43], due to the greater efficiency of the mechanical extraction process. The high
moisture content of HSW makes it an ideal candidate for the hydrothermal treatment.
Hydrothermal treatment is generally recommended for biomass moisture contents above
30% (referred to as wet biomass) [39]. Note the lower moisture content of olive stones and
almond shells shown in Table 1 that makes these food industry wastes more suitable for
conventional dry carbonization methods.

HSW has a low ash content, 1.7%, only slightly above that of the industrial waste,
1.0% [43], but still below the ash content of tiger nuts, which varies between 1.9% and 2.6%
depending on their origin [44]. The ash, the volatile matter, and the carbon, hydrogen,
nitrogen, and oxygen contents of HSW are similar to the other agro-food wastes shown in
Table 1, which have demonstrated excellent precursors of CO, adsorbents.

Figure 4 shows a SEM micrograph of HSW. Rounded starch granules with a diameter
in the 3-11 um range can be clearly distinguished within the cell wall compartments of
HSW. These granules are similar in shape and size to starch extracted from tiger nuts [45,46].
Starch is an abundant component of tiger nuts (near 30 wt.%) [43].

Figure 4. SEM micrograph of the raw horchata solid waste (HSW).
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The EDX analysis of HSW shows a carbon content of 58.35 wt.%, an oxygen content of
41.65 wt.%, and an O/C atomic ratio of 0.54.

3.2. Hydrothermal Treatment followed by Activation with CO;

The effect of the temperature of the hydrothermal step in the HSWHC series was
evaluated within the 120-190 °C range. Temperature is known to greatly affect not only
the type of reactions occurring during the hydrothermal transformation of biomass but
also their reaction rates. Water ionization increases with temperature at constant pressure,
significantly influencing the chemistry of water; subcritical water can lead to biomass
decomposition without the need for additives [23]. In the temperature range evaluated
in this work, which is relatively low, the main product expected from the hydrothermal
transformation of biomass is solid carbon [47]. The yield of hydrochar is expected to
decrease with increasing temperature [23].

As the temperature of the treatment increased, it was observed that the appearance of
the resulting hydrochar changed progressively, from light to dark brown color, indicating
an increasing degree of biomass transformation.

Neither the starting material, HSW, nor the hydrochar obtained at the lowest tem-
perature evaluated, 120 °C, HSWH-120-3, could be pelletized by compression at room
temperature without binder addition. However, the hydrochars obtained at 150 °C, 17 °C,
and 190 °C, were pelletized under these conditions. HSW contains starch, proteins, and
lignin that can enhance binding, although its high fiber and fat contents (ca. 9 wt.% and
24 wt.%, respectively [30]) present the opposite effect [48]. Lignin is inert during hydrother-
mal treatment up to 260 °C [49], so the increased lignin content of the higher-temperature
hydrochars might favor their pelletization [50].

Figure 5 shows two SEM micrographs of the hydrochar pellet obtained at 190 °C:
HSWH-190-3. The structure appears much denser than that of HSW, which was shown in
Figure 4: neither the starch granules nor the cell walls can be identified in Figure 5a. No
microspheres, characteristic of secondary hydrochar formation in the liquid phase during
hydrothermal treatments, can either be seen. The latter is attributed to the conditions of
the hydrothermal treatment carried out: relatively low water amount, temperature, and
residence time. The individual particles within the pellet can be distinguished in Figure 5a,
which points out mechanical interlock as the main binding mechanism of the pellet.

(b)

Figure 5. SEM micrographs of HSWH-190-3: (a) general view of the pellet surface; (b) detail of
silicophytolith accumulation.

The EDX analysis of HSWH-190-3 shows a carbon content of 59.82 wt.% and an
oxygen content of 38.44 wt.%, with lesser amounts of potassium (0.95 wt.%), phosphorus
(0.54 wt.%), and silicon (0.25 wt.%), although the actual figures can vary slightly with
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location due to the varying composition of the different parts of the body of the tiger
nuts. As an example, Figure 5b shows the regular accumulation of silicophytoliths in the
intercellular spaces of elongated particles that were randomly found in the carbons derived
from HSW. The hydrothermal treatment led to a slight decrease in the O/C atomic ratio,
from 0.54 in HSW to 0.48 in HSW-190-3, pointing out a small degree of carbonization.

Figure 6a shows the SEM micrograph of HSWHC-190-3-800-90. The cell walls, which
were clearly distinguished in HSW (Figure 4), but not in HSWH-190-3 (Figure 5), can be
again observed in HSWHC-190-3-800-90 (Figure 6a). This is attributed to the release of
volatiles during the activation of HSWH-190-3. The insoluble fraction of HSW has been
carbonized, preserving its original microstructure, which is different throughout the body
of the tiger nut.

Figure 6. SEM micrographs of: (a) HSWHC-190-3-800-90; (b) HSWC-900-60.

The EDX analysis showed that HSWHC-190-3-800-90 is mainly composed of carbon
(87.8 wt.%), followed by oxygen (7.21 wt.%) and lesser amounts of potassium (1.54 wt.%),
calcium (1.24 wt.%), phosphorus (0.88 wt.%), magnesium (0.64 wt.%), silicon (0.60 wt.%),
and aluminum (0.10 wt.%). Activation at 800 °C leads to a significant reduction in the O/C
atomic ratio, from 0.48 to 0.06, pointing out the high degree of carbonization achieved.

For comparison purposes, Figure 6b shows the SEM micrograph of a carbon obtained
in a thermogravimetric analyzer (TGA92, SETARAM) by subjecting HSW to a heating rate
of 15 °C min~! in CO, flow up to 900 °C and holding that temperature for 60 min (HSWC-
900-60). The main difference between Figures 6a and 6b is the presence of carbonized
starch granules within the cell compartments in Figure 6b and their absence in Figure 6a.
Cellulose and lignin, which are the main constituents of the cell walls, are stable up to
210 °C and 260 °C, respectively, under hydrothermal conditions [23]. On the other hand,
starch undergoes dehydration reactions during hydrothermal carbonization at 180 °C [51].
When starch is heated in excess water above the gelatinization temperature, its crystalline
structure is disintegrated. Hemicellulose also reacts and dissolves in water much more
readily than cellulose at 180 °C. Therefore, only cellulose and lignin in biomass can produce
primary hydrochar [23].

Table 2 summarizes the textural characterization of the HSWHC carbons. It can
be observed that the narrow micropore volume increases with the temperature of the
hydrothermal treatment. The narrow micropore volume of these carbons is larger than that
of a reference commercial carbon, Norit R 2030 CO2, which is used for the adsorption of
CO; in cold warehouses and which was included in Table 2 for comparison purposes. The
average size of the narrow micropores of HSWHC carbons lies within 0.55-0.58 nm.
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Table 2. Textural characterization of the samples.

Sample VbR coz (cm? g—1) L (nm)
HSWHC-150-3-800-60 0.240 0.58
HSWHC-170-3-800-60 0.273 0.55
HSWHC-190-3-800-60 0.290 0.57
HSWHC-190-3-800-90 0.294 0.56

HSWHC-190-3-800-120 0.243 0.55
HSWIA-160-8-600 0.157 0.57
HSWIA-190-8-600 0.193 0.54
HSWIA-160-8-800 0.295 0.54
HSWIA-190-8-800 0.209 0.61

HSWGIA-160-8-600 0.260 0.57
HSWGIA-190-8-600 0.233 0.63
Norit R 2030 CO2 0.204 0.58

Figure 7 shows the NMPSD of these carbons. The carbons obtained using 150 °C as the
temperature of the hydrothermal treatment, present a lower volume of micropores between

0.4 and 0.6 nm, and a slightly higher volume of micropores of ca. 0.85 nm, compared to
the carbons developed at 170 and 190 °C. HSWHC-170-3-800-60 and HSWHC-190-3-800-60

have a similar NMPSD, with subtle differences at 0.44 and 0.9 nm.

0.011

0.010 -~
0.009 ~
0.008 -~
0.007 ~
0.006 A
0.005 -~
0.004 -~
0.003 H~
0.002 -~
0.001 -~
0.000 #-+ T

Incremental volume (cm3 g1)

—— HSWHC-150-3-800-60
HSWHC-170-3-800-60
—e— HSWHC-190-3-800-60

0.4 0.5

0.6

T T T

0.7 0.8 0.9

Pore size (nm)

Figure 7. Narrow micropore size distribution of samples HSWHC-150-3-800-60, HSWHC-170-3-800-
60, and HSWHC-190-3-800-60.

Figure 8 compares the CO, adsorption isotherms at 25 °C and 50 °C of carbons
HSWHC-150-3-800-60, HSWHC-170-3-800-60, and HSWHC-190-3-800-60. It can be ob-
served that the CO, adsorption capacity increases slightly with the temperature of the
hydrothermal treatment, which is attributed to the formation of a higher volume of narrow
micropores between 0.4 and 0.6 nm.
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Figure 8. CO, adsorption isotherms of carbons HSWHC-150-3-800-60, HSWHC-170-3-800-60, and
HSWHC-190-3-800-60 at: (a) 25 °C; (b) 50 °C.

The effect of the activation time on the CO; adsorption capacity was evaluated by
preparing a series of carbons at the hydrothermal temperature of 190 °C and at an activation
temperature of 800 °C. As shown in Table 2, the narrow micropore volume reaches a
maximum at 90 min and decreases afterwards, due to the collapse of the adjacent micropore
walls that occurs at high activation degrees. The corresponding NMPSD is shown in
Figure 9.
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Figure 9. Narrow micropore size distribution of carbons HSWHC-190-3-800-60, HSWHC-190-3-800-90,
and HSWHC-190-3-800-120.

Figure 10 shows the CO; adsorption isotherms at 50 °C of carbons HSWHC-190-3-800-
60, HSWHC-190-3-800-90, and HSWHC-190-3-800-120. It can be seen that the adsorption
capacity of CO; reaches a maximum at an activation time of 90 min.
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Figure 10. CO, adsorption isotherms at 50 °C of carbons HSWHC-190-3-800-60, HSWHC-190-3-800-
90, and HSWHC-190-3-800-120.

Table 3 shows a summary of the CO, adsorption capacity of the synthesized carbons,
together with that of two commercial activated carbons, BPL and Norit R 2030 CO2, and
several biomass-based carbon adsorbents: PPC, developed from spent coffee grounds
by one-pot activation with CO; [52], NCLKS3, developed from spent coffee grounds by
carbonization followed by KOH activation [53], AC and AC-KOH, developed from black
locust by carbonization followed by steam and KOH activation, respectively [54], O-3-650-
110 and A-3-650-83, developed from almond shells and olive stones, respectively, by one-pot
oxidation [55], AS and OS, developed from almond shells and olive stones, respectively,
by one-pot activation with CO, [56], CGUC-0.5-6, developed from a mixture of cactus and
glucose by the in situ ionic activation route [26], that have been included for comparative
purposes. The CO, adsorption capacity provided in Table 3 is given at 15 kPa as this is
considered a representative partial pressure of CO; for postcombustion applications. Two
temperatures are included: 25 and 50 °C. These temperatures are considered to include
the operating range of a postcombustion adsorption unit, given that this would be located
after the desulfurization unit (desulfurized flue gas temperature is approximately 47 °C)
and that the flue gas can be further cooled to ca. 31 °C by making use of cooling water
to improve the performance of the adsorption-based capture unit [57]. Comparison with
literature data is not straightforward, as many studies still provide the CO, adsorption
capacity solely at 1 bar [22] or do not specify the adsorption pressure [39]. It is relevant
to highlight that an adsorbent with a large pore volume but with a wider pore size will
have a higher adsorption capacity at high pressure but lower adsorption capacity at the
low pressures relevant for the postcombustion case.

Among the HSWHC series, HSWHC-190-3-800-90 presents the highest adsorption
capacity of CO; in the entire temperature and pressure range evaluated. As can be seen
from the table, it has a relatively large adsorption capacity for a carbon adsorbent, higher
than the reference commercial activated carbons BPL and Norit R 2030 CO2. HSWHC-190-
3-800-90 presents a CO, adsorption capacity at 15 kPa in the 25-50 °C range, relatively
close that of PPC, AS, and OS that have been obtained from different biomass residues by
one-pot activation with CO,. This capacity is substantially above than that of AC, obtained
by carbonization followed by steam activation.
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Table 3. Comparison of the CO, adsorption capacity of the carbons developed in this work, with that
of two commercial activated carbons and several biomass-based carbons.

CO, Adsorption Capacity (mmol g—1)

Sample 25°C 50 °C Reference
15 kPa 100 kPa 15 kPa 100 kPa
HSWHC-150-3-800-60 0.89 2.34 0.56 1.71 This work
HSWHC-170-3-800-60 1.09 248 0.63 1.79 This work
HSWHC-190-3-800-60 1.11 2.69 0.59 1.76 This work
HSWHC-190-3-800-90 121 3.17 0.64 2.01 This work
HSWHC-190-3-800-120 1.00 225 0.44 126 This work
HSWIA-160-8-600 0.84 1.73 0.58 1.40 This work
HSWIA-190-8-600 0.83 1.79 0.43 1.24 This work
HSWIA-160-8-800 1.27 2.70 0.78 2.07 This work
HSWIA-190-8-800 0.85 1.84 0.53 1.41 This work
HSWGIA-160-8-600 0.96 2.18 0.63 1.66 This work
HSWGIA-190-8-600 0.62 1.79 0.35 1.09 This work
BPL 0.70 2.05 0.43 1.32 [58]
Norit R 2030 CO2 0.84 2.64 0.47 1.73 This work
PPC 1.23 2.74 0.76 1.96 [52]
NCLK3 1.15 3.10 0.63 2.05 [53]
AC 0.75 1.85 0.09 0.66 [54]
AC-KOH 1.20 3.75 0.71 2.11 [54]
0-3-650-110 0.84 2.11 0.50 1.44 [55]
A-3-650-83 1.13 2.25 0.60 1.53 [55]
AS 1.08 2.66 0.67 1.78 [56]
0os 1.02 3.20 0.58 2.00 [56]
CGUC-0.5-6 1.65 3.39 0.96 2.45 [26]

3.3. In Situ Ionic Activation

Figure 11 shows a SEM micrograph of HSWIA-190-8-600. The cell compartments of the
raw HSW, shown in Figure 4, can still be identified in Figure 11, although the walls have a
swollen appearance and a less smooth surface compared to those of HSWHC-190-3-800-90,
shown in Figure 6a.

Figure 11. SEM micrograph of carbon HSWIA-190-8-600.

EDX analysis showed that the main constituent of HSWIA-190-8-600 is carbon (84.12 wt.%),
followed by oxygen (9.56 wt.%), with lesser amounts of potassium (3.10 wt.%), magnesium
(1.87 wt.%), and silicon (1.36 wt.%). The potassium content is only slightly higher than
that observed in HSWHC-190-3-800-90, while the magnesium and silicon contents are
much higher, which indicates that the potassium added during the hydrothermal treatment
in the in situ activation protocol was satisfactorily removed. The O/C atomic ratio of
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HSWIA-190-8-600, 0.09, is slightly above that of HSWHC-190-3-800-60, which is attributed
to the lower temperature of the activation step in the first case.

The narrow micropore volumes of HSWIA carbons increase with the activation tem-
perature at a given hydrothermal temperature, as shown in Table 2. The carbon with the
highest narrow micropore volume is HSWIA-160-8-800. Moreover, its average ultrami-
cropore width is also the narrowest: 0.54 nm. The NMPSD of HSWIA carbons, shown in
Figure 12, indicates that this carbon has a higher volume of micropores between 0.4 and
0.6 nm.

0.014

—o—HSWIA-160-8-600
0.012 4 HSWIA-190-8-600
0.010 - —o—HSWIA-160-8-800

—A—HSWIA-190-8-800
0.008 A

0.006

0.004 i |

Incremental volume (cm3 g™1)
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0.4 0.5 0.6 0.7 0.8 0.9 1.0
Pore size (nm)

Figure 12. Narrow micropore size distribution of carbons HSWIA-160-8-600, HSWIA-190-8-600,
HSWIA-160-8-800, and HSWIA-190-8-800.

Figure 13 shows the CO, adsorption isotherms of the HSWIA series at 50 °C. The
carbons subjected to a hydrothermal temperature of 160 °C present higher CO, adsorption
capacity than those subjected to a hydrothermal temperature of 190 °C. This trend differs
from that observed in the HSWHC carbons. However, it must be noted that there are
relevant differences between the synthesis conditions of both series: the hydrothermal
treatment carried out in the HSWIA series makes use of KOH, longer residence time, and
higher water-to-HSW ratio than that of the HSWHC series. The longer residence time,
the higher water-to-HSW ratio, and the presence of KOH are expected to affect the extent
of reactions occurring during the hydrothermal treatment. A longer residence time can
promote the formation of secondary char in the HSWIA series, although the higher reactant-
to-water ratio used in the HSWHC series could have also led to enhanced polymerization
at comparatively shorter residence times. In alkaline environments, the acid-catalyzed
hydrolysis of cellulose and hemicellulose can be inhibited, whereas lignin can achieve
greater conversions [23]. Moreover, the activation process of HSWIA carbons is chemical
activation with KOH whereas for HSWHC carbons it is physical activation with CO,. It
has been previously reported that the use of a lower temperature in the hydrothermal
treatment leads to hydrochars with lower chemical stability and structural order, which in
turn are more reactive towards chemical activation with KOH [59]. It can be seen in Table 3
and Figure 11 that the HSWIA carbons activated at 800 °C have superior CO, adsorption
capacity than those activated at 600 °C. This behavior differs from the results obtained
when a mixture of glucose and cactus is used as the carbon precursor. In the latter case,
the highest CO, adsorption capacity at 50 °C and 15 kPa was obtained using an activation
temperature of 600 °C (see CGUC-0.5-6 in Table 3) [26]. This must be attributed to the
different feedstock used, which is known to play a decisive role in the properties of the final
carbon [24]. As can be seen from Table 3, the CO, adsorption capacity of HSWIA-160-8-800
at low pressures is only surpassed by CGUC-0.5-6.
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Figure 13. CO, adsorption isotherms at 50 °C of HSWIA carbons activated at: (a) 600 °C; (b) 800 °C.

To investigate the effect of glucose addition, two additional carbons were prepared
using the in situ ionic activation protocol but departing from an equiweight mixture of
HSW and glucose. These were denoted as HSWGIA-160-8-600 and HSWGIA-190-8-600.
As shown in Table 2, HSWGIA-160-8-600 shows a slightly higher micropore volume than
HSWGIA-190-8-600 with a narrower average pore size. The NMPSDs of these carbons are
shown in Figure 14: HSWGIA-160-8-600 has higher micropore volume between 0.45 and
0.58 nm than HSWGIA-190-8-600.

0.012
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0.008 A
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Figure 14. Narrow micropore size distribution of carbons HSWGIA-160-8-600 and HSWGIA-190-8-600.

The corresponding CO; adsorption isotherms at 50 °C are shown in Figure 15. As in
the HSWIA series, the carbon subjected to a hydrothermal temperature of 160 °C shows
superior CO, adsorption capacity than that of 190 °C.

Carbons HSWG-160-8-600 and HSWG-190-8-600, developed from a mixture of HSW
and glucose, have larger narrow micropore volume than carbons HSW-160-8-600 and HSW-
190-8-600, which were developed from HSW alone under the same experimental conditions
(see Table 2). However, although the CO, adsorption capacity of HSWGIA-160-8-600 is
higher than that of HSWIA-160-8-600, the CO, adsorption capacity of HSWGIA-190-8-600
is lower than that of HSWIA-190-8-600 (see Table 3). The latter is attributed to the wider
micropore size of HSWGIA-190-8-600 compared to HSWIA-190-8-600 (see Table 2).
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Figure 15. CO; adsorption isotherms at 50 °C of carbons HSWGIA-160-8-600 and HSWGIA-190-8-600.

3.4. Comparison of Selected Carbons

Figure 16 compares the narrow micropore size distribution of carbons HSWHC-190-3-
800-90 and HSWIA-160-8-800, developed in this work, and that of the reference commercial
activated carbon Norit R 2030 CO2. It can be observed that HSWHC-190-3-800-90 and
HSWIA-160-8-800 have a higher volume of micropores in the range between 0.4 and 0.6 nm,
which is known to be of utmost importance for CO, adsorption at low pressures [60,61].
HSWIA-160-8-800 has a slightly higher volume of narrow micropores between 0.44 and
0.50 nm than HSWHC-190-3-800-90.
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Figure 16. Comparison of the narrow micropore size distribution of carbons HSWHC-190-3-800-90,
HSWIA-160-8-800 and reference commercial activated carbon Norit R 2030 CO2.

Figure 17a compares the CO, adsorption isotherms at 50 °C of these same carbons.
Full symbols represent adsorption data, and empty symbols represent desorption data. As
can be seen from the figure, CO, adsorption is reversible, as expected for carbon adsorbents,
one of whose main advantages is that they can be easily regenerated by a moderate pressure
swing. HSWIA-160-8-800 presents slightly higher CO, adsorption capacity than HSWHC-
190-3-800-90. Norit R 2030 CO2 presents the lowest CO, adsorption capacity in the entire
pressure range evaluated, which is attributed to the lower pore volume within 0.4 and
0.6 nm.
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Figure 17. (a) Comparison of the CO; adsorption isotherms at 50 °C of carbons HSWHC-190-3-800-
90, HSWIA-160-8-800 and reference commercial activated carbon Norit R 2030 CO2 (full symbols
represent adsorption data and empty symbols desorption data); (b) Isosteric heat of adsorption of
CO, versus loading for carbons HSWHC-190-3-800-90, HSWIA-160-8-800 and reference commercial
activated carbon Norit R 2030 CO2.

Figure 17b shows the isosteric heat of adsorption of CO, versus loading of these three
carbons. The isosteric heat of adsorption of CO, on HSWHC-190-3-800-90 is slightly above
that of HSWIA-160-8-800 at low loadings (31 vs. 30 k] mol’l), but they tend to the same
value as loading increases (26 kJ mol~1). However, Norit R 2030 CO2 presents a lower
isosteric heat of adsorption, which varies between 28 and 21 k] mol . The latter values are
within the range of other commercial carbon adsorbents [36].

Figure 18a presents the N adsorption isotherms at 50 °C of these carbons. As expected,
the N, adsorption capacity of the samples is much lower than that of CO,, and the isotherms
present a nearly linear shape, which is characteristic of weaker adsorbate—adsorbent in-
teractions. HSWIA-160-8-800 presents the highest N, adsorption capacity in the entire
pressure range evaluated, followed by Norit R 2030 CO2 and HSWHC-190-3-800-90.
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Figure 18. (a) N adsorption isotherms at 50 °C of carbons HSWHC-190-3-800-90, HSWIA-160-8-800
and reference commercial activated carbon Norit R 2030 CO2; (b) CO, /N, equilibrium selectivity at
50 °C and 101.325 kPa of carbons HSWHC-190-3-800-90, HSWIA-160-8-800 and commercial activated
carbon Norit R 2030 CO2.
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Figure 18b shows the CO, /N, equilibrium selectivity of these three carbons at 50 °C
and 101.325 kPa as a function of the molar fraction of CO, in the gas phase. It can be
observed that carbons HSWHC-190-3-800-90 and HSWIA-160-8-800 have superior equi-
librium selectivity towards CO, over N, than that of the reference commercial activated
carbon Norit R 2030 CO2. As shown in the figure, the equilibrium selectivity of HSWIA-
160-8-800 is slightly above that of HSWHC-190-3-800-90 for molar fractions of CO; in the
gas phase up to 0.4 in the evaluated conditions.

4. Conclusions

Two synthetic routes, hydrothermal treatment followed by physical activation with
CO; and in situ ionic activation, were compared for the development of CO, adsorbents
from a biomass waste with high moisture content. The first is a greener route as it does not
require the addition of chemicals or acid-washing stages.

The hydrochars obtained in the temperature range between 150 °C and 190 °C showed
an appealing advantage: they can be easily pelletized by compression, without binder ad-
dition, allowing obtaining adsorbents with a suitable particle size for industrial separations
in fixed bed adsorbers.

The temperature of the hydrothermal treatment has been shown to affect the CO,
adsorption capacity of the final adsorbents in opposite directions. This effect is more
pronounced in the in situ ionic activation route, where a mild hydrothermal temperature of
160 °C led to carbons with greater pore volume between 0.4 and 0.6 nm and hence with
superior CO, adsorption capacity. On the other hand, in the alternative route, hydrothermal
treatment followed by physical activation with CO;,, a hydrothermal temperature of 150 °C
produced a lower volume of pores between 0.4 and 0.6 nm than the carbons treated at
higher temperatures; 190 °C was more suitable for the development of CO, adsorbents.

Carbons developed from the greener route showed a large CO, adsorption capacity,
up to 0.64 mmol g~! at 15 kPa and 50 °C in the case of HSWHC-190-3-800-90, which
is above that of reference commercial activated carbons. On the other hand, one of the
carbons developed by the in situ ionic activation route, HSWIA-160-8-800, showed an even
higher CO, adsorption capacity at 15 kPa and 50 °C, 0.78 mmol g~ !, conditions that can be
considered representative for postcombustion conditions. It must be highlighted that the
KOH-to-HSW ratio used was only 1:4, whereas CO, adsorbents developed from biomass
by conventional chemical activation with KOH require KOH-to-char ratios of 2-3 [39].

The isosteric heat of adsorption of CO, of carbons HSWHC-190-3-800-90 and HSWIA-
160-8-800 varies between 31 and 26 k] mol~! CO, as loading increases. This is above that of
a reference commercial activated carbon used for CO, adsorption.

The equilibrium selectivity of CO; in relation to Ny, at 50 °C and atmospheric pressure,
of carbons HSWHC-190-3-800-90 and HSWIA-160-8-800 is above 25 for low to medium
CO, concentrations, which is substantially higher than that of the reference commercial
activated carbon.
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