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ARTICLE INFO ABSTRACT
Keywords: The multicyclic kinetic performance and equilibrium CO; adsorption capacities of different biowaste-based
Biowaste-based adsorbents adsorbents were measured experimentally, modelled and compared using pure CO; streaming and cement

CO, capture

Cement plant

Lanthanum functionalization
Multicyclic adsorption
Kinetic-based modelling

plant flue gas. Biowaste-based adsorbents used for CO, capture were synthesized from cork stoppers, grape marc,
and rice husks via pyrolysis and hydrothermal carbonization with and without lanthanum functionalization. The
results demonstrate that pyrolysis is a more effective method than hydrothermal carbonization for producing
CO»-capturing adsorbents from tested biowastes. These adsorbents can reach equilibrium CO» carrying capacities
of up to 63 mg/g at atmospheric temperature and pressure. No deactivation was observed over five adsorption/
desorption cycles for cork- and rice husk-based adsorbents and the deactivation observed for grape marc-based
adsorbents under flue gas can be overcome via lanthanum functionalization. Kinetic parameters for CO5
adsorption on biowaste-based adsorbents were calculated and compared to identify the impact of micropores and
mesopores on separation performance.

environmental impact (Krishnan et al., 2023; Dhingra and Kumar,
2025). Adsorption is a cost-effective carbon-capture technology due to
its simplicity, performance, stability, safety, low environmental impact,
and reduced costs (Sifat and Haseli, 2019). In this process, CO, mole-
cules in the flue gas are captured by forming a thin film on the surface of
a porous material. The driving force for adsorption is the intermolecular
forces between the particles, and it is dependent on the temperature,
pressure, and characteristics of the adsorbent (e.g., pore size, surface
chemistry) (Liu et al., 2025; Li et al., 2021). For continuous operation,
two columns are required, one for adsorption and the other for
desorption. The shift between adsorption and desorption is performed
by changing either the temperature or pressure, for example, via tem-
perature swing adsorption (TSA) (Zhang and Wang, 2025); pressure
swing adsorption (PSA) (Si et al., 2025); or vacuum swing adsorption
(VSA) (Ren et al., 2025). In TSA, the desorption column is heated with
sweep gas to desorb the CO2 molecules (Zhao et al., 2019). On the other

1. Introduction

Climate change is a major global challenge that must be addressed
urgently, and controlling greenhouse gas emissions is essential to
achieving the sustainable goals defined by the Paris Agreement. Under
this agreement, European Union countries must become carbon-neutral
by 2050 (Zuazua Ruiz et al., 2023). Approximately, 38 Gton of CO2 were
emitted into the atmosphere worldwide in 2023, and these emissions are
still rising (CO2 emissions - Our World in Data, 2023). The cement
industry's contribution to the CO; global emissions has been increasing
in the past years and it reached 7-8 % of the total emissions, making it
the second major industrial source of CO, emissions, after the iron and
steel sector (Annual CO2 emissions from cement, 2023).

Carbon capture, utilization, and sequestration are among the main
strategies used to control CO; emissions and mitigate their

Abbreviations: FTIR, Fourier-Transform Infrared Spectroscopy; HTC, Hydrothermal Carbonization; MOF, Metal-Organic Framework; MSE, Mean Squared Error;
PSA, Pressure Swing Adsorption; SEM, Scanning Electron Microscopy; TGA, Thermogravimetric Analysis; TSA, Temperature Swing Adsorption; VSA, Vacuum Swing
Adsorption; XRD, X-Ray Diffraction.
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Nomenclature

Co Gas concentration of the thermogravimetric analyzer, mol/
m3

Crg CO,, concentration of the flue gas, mol/m?

Cry CO,, concentration at the exit of the thermogravimetric
analyzer at time t, mol/m?

C; CO,, concentration at time ¢, mol/m?

Fco,i CO,, flowrate at the entry of the thermogravimetric
analyzer, mol/s

Finert Inert gas flowrate, mol/s

k1 Pseudo first order adsorption kinetic constant, s

ki co, Pseudo first order adsorption kinetic constant using a pure
CO, stream, s

kirc Pseudo first order adsorption kinetic constant using a flue
gas stream, s !

kim Pseudo first order adsorption kinetic constant in the
mesopores, st

ki Pseudo first order adsorption kinetic constant in the
micropores, s~!

ko Pseudo second order adsorption kinetic constant, st

kq Adsorption kinetic constant, m3-mol~!.s7?

kg Desorption kinetic constant, s~*

M, co, Molecular weight of CO,, mg/mol

Mehar Mass of adsorbent obtained after pyrolysis or hydrothermal
carbonization, g

m; Mass of adsorbent used for the thermogravimetric analysis,
mg

Mimin Minimum mass of adsorbent determined in the

thermogravimetric analyzer, ug
Myrecursor - Mass of biowaste fed to pyrolysis or hydrothermal

carbonization, g

n Order of reaction, —

qe Equilibrium adsorbent carrying capacity, mg CO,/g
adsorbent

e, cO, Equilibrium adsorbent carrying capacity using a pure CO,
stream, mg CO,/g adsorbent

e, FG Equilibrium adsorbent carrying capacity using a flue gas
stream, mg CO,/g adsorbent

Qe.m Equilibrium adsorbent carrying capacity in the mesopores,
mg CO,/g adsorbent

Qe Equilibrium adsorbent carrying capacity in the micropores,
mg CO,/g adsorbent

Qmax Maximum adsorbent carrying capacity, mg CO./g
adsorbent

q: Adsorbent carrying capacity at time t, mg CO,/g adsorbent

Ta Rate of adsorption, s7?

Tco,cape Rate of CO, capture in the thermogravimetric analyzer at
time t, mol/s

rq Rate of desorption, st

T Temperature, K

t Time, s

Xco,ft  CO2 molar composition of the gas stream leaving the
thermogravimetric analyzer, —

XG0y, CO, molar composition of the gas stream entering the
thermogravimetric analyzer, —

Y Yield, %

Greek letters

Amy Variation of adsorbent mass in the thermogravimetric
analysis at time t, pg

0 Occupied sites in the adsorbent surface at time t, —

hand, the pressure change is performed by either increasing the pressure
in the adsorption column (PSA) or by operating under vacuum in the
desorption column (VSA) (Ketabchi et al., 2023).

Popular adsorbents for PSA, VSA and TSA include carbonaceous
materials, zeolites, and metal-organic frameworks (MOFs) (Si et al.,
2025; Henrotin et al., 2024; Paz et al., 2024). Recent studies have
focused on carbon biomass-based adsorbents, because biomass is an
abundant, renewable, and inexpensive resource (Li et al., 2021; Akdag
et al., 2022; Zhu et al., 2023; Li et al., 2025). These adsorbents are re-
ported to display CO, adsorption capacities up to 0.48 g/g at atmo-
spheric pressure (Quan et al., 2023). They can be obtained via pyrolysis
(biochar) or hydrothermal carbonization (hydrochar) (Li et al., 2021;
Quan et al., 2023). Biomass-based adsorbents offer advantages for the
operation of COy capture units. For example, the multicyclic perfor-
mance of hazelnut shell-based activated carbon was evaluated in the
literature using both PSA and TSA, and no adsorbent deactivation was
found over consecutive cycles (Akdag et al., 2022). On the other hand,
Querejeta et al. (Querejeta et al., 2024) studied the experimental CO5
capture capacity of adsorbents derived from pine cone leaves and pine
kernel shells using pure and diluted CO; streams (10 and 30 % CO»),
which intended to simulate post-combustion conditions. The results
show a CO; capture capacity decrease of 34-37 % when using a 30 %
COs stream and a reduction of 61-64 % when using a 10 % COs stream,
when compared to a pure CO, stream. Nevertheless, it is convenient to
remark that the flue gas from an industrial plant contains other impu-
rities and, consequently, the adsorbent performance should be tested
under real operating conditions. To the best of the authors’ knowledge,
no study was conducted to evaluate the adsorption capacity of biomass-
based adsorbents directly from industrial cement plant flue gas. Also, the
activity over multiple adsorption/desorption cycles should be analyzed
for biomass-based adsorbents that have been prepared using different

precursors and synthesis routes with the aim of identifying the best
option.

Previous studies have proved that CO, adsorption properties can be
improved if proper surface functionalization is performed (Li et al.,
2021; Zhu et al., 2023; Li et al., 2025). For instance, lanthanum doping
has led to a positive effect on MOFs’ stability and surface properties for
CO;, capture (Wang et al., 2019). The functionalization of biomass-based
adsorbents with lanthanum has been also applied for removing other
relevant environmental pollutants, such as fluoride and arsenic
(Mendoza-Castillo and Reynel—Avila, 2019; Merodio-Morales et al.,
2022). However, no study was found in the literature concerning the
effect of lanthanum functionalization in CO5 adsorption properties of
biowaste-based adsorbents.

This work aims to address the literature gaps by modelling the multi-
cyclic CO; capture kinetics of biowaste-based adsorbents from pure CO4
and a real cement plant flue gas. Residues of rice husk, cork stoppers,
and grape marc were utilized for the adsorbent preparation via pyrolysis
and hydrothermal carbonization, with and without lanthanum func-
tionalization. COy adsorption properties of biowaste-based adsorbents
were measured experimentally, simulated using a kinetic-based model
and compared.

2. Materials and methods
2.1. Preparation and characterization of adsorbents

A full-factorial design of experiments was applied to study the in-
fluence of the precursor, the char production method, and the
lanthanum functionalization on CO; capture efficiency of biowaste-
based adsorbents (Fig. 1). Three different biomass residues were stud-
ied as adsorbent precursors: rice husk, cork stoppers, and grape marc.
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Fig. 1. Design of experiments used to produce biowaste-based adsorbents for CO, capture.

The char production process included pyrolysis or hydrothermal
carbonization (HTC). For both routes, the precursors were submitted to
cleaning with water, dried and particle size reduction. The pyrolysis was
performed at 600 °C for 2 h, with a heating rate of 10 °C/min in a
Carbolite Eurotherm tubular furnace under Ny atmosphere. The pyrol-
ysis temperature was chosen based on literature studies which indicated
that 600 °C ensures the biowaste materials are already pyrolyzed
(Madadian et al., 2022; Mansaray and Ghaly, 1998; Shangguan et al.,
2018). On the other hand, HTC was conducted in a 500 mL Hydrion
Scientific reactor at 220 °C for 16 h with a biowaste-to-water ratio of
40 % (by mass) (Diaz et al., 2019). These HTC conditions were chosen to
favor the development of adsorbent textural parameters, which can be
positively correlated with CO4 capture (Drage et al., 2009). The HTC
residence time was selected to ensure that the hydrothermal carbon-
ization of the material was complete regardless of the feedstock, since
long residence times can result in the development of better structural
properties (Gao et al., 2013). The pyrolysis and HTC yields were
calculated using Equation (1)

Mchar

Y= x 100 (€9)

mprecursor

where m,, corresponds to adsorbent mass (g) obtained after pyrolysis
or HTC and Myrecursor is the precursor mass (g) used in the corresponding
carbonization process. Lanthanum functionalization was applied to
modify adsorbent surface properties for CO5 adsorption. The method-
ology of this procedure was described by Merodio-Morales et al.
(Merodio-Morales et al., 2022). Firstly, a 10 % (by mass) lanthanum
aqueous solution was prepared using La(NO3)3:-6H20 and then 10 g of
biowaste-based char was added to the solution. After 30 min of agita-
tion to promote homogenization, a 1.5 M NaOH solution was added
dropwise until precipitation occurred. After 1 h of agitation, the samples
were filtered to separate the adsorbents.

All the adsorbent samples, with and without La-functionalization,
were washed with deionized water, dried at 100 °C, and sieved to
obtain a particle size of 420-500 um. The sieving of the samples was

performed to standardize them, allowing the comparison across the
different experiments. The selected particle range is in line with the
particle size considered by Manya et al. (Manya et al., 2020). Selected
samples of biowaste-based adsorbents were analyzed by X-ray Diffrac-
tion (XRD) to identify the crystalline structures. XRD analysis was per-
formed using a Bruker D8-Advance with mirror G6ebel, equipped with a
cooper anode RX and CuKa radiation (A = 1.5406 Z\). The diffractograms
were obtained on a °26 range between 10 and 80. On the other hand,
Fourier Transform Infrared (FTIR) was applied to identify the functional
groups (i.e., surface chemistry) of adsorbents surfaces. All FTIR spectra
were recorded with spectroscopic grade KBr using a Bruker IFS 66/S
spectrophotometer obtaining 200 scans with 4 em™! resolution. The
specific surface area of the biowaste-derived adsorbent samples was
determined by Ny physisorption measurements conducted at -196 °C in
a Micrometrics ASAP 2020 porosimeter. The morphology of selected
adsorbent samples was also analyzed by scanning electron microscopy.

2.2. Experimental CO; carrying capacity

CO;, carrying capacity of biowaste-based adsorbents and their per-
formance in TSA over consecutive adsorption/desorption cycles were
evaluated using a thermogravimetric analyzer (TGA). Each adsorption/
desorption cycle begins with heating the sample to the desorption
temperature. Once the temperature is reached, desorption is carried out
under a Ny atmosphere. The system is then cooled back to the atmo-
spheric temperature and then adsorption is conducted under a CO;, at-
mosphere. The operating conditions of adsorption and desorption cycles
for the adsorbents prepared without and with lanthanum functionali-
zation are presented in Table 1 and Table 2, respectively. Flowrates of
200 mL/min were used in the experiments to provide the specified at-
mosphere for each cycle step.

TGA gave information about the mass variation due to the adsorption
and desorption of CO». The carrying capacity of each adsorbent, g, (mg/
g), was calculated over time via Equation (2).
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Table 1
CO, adsorption and desorption conditions used in the thermogravimetric

analyzer for testing biowaste-based adsorbents without lanthanum
functionalization.
Process Atmosphere Temperature (°C) Duration (min)
Desorption Ny 120 30
Cooling ramp Ny 120—30 9
Adsorption CO, 30 60
Heating ramp N, 30—120 9

Table 2
CO, adsorption and desorption conditions used in the thermogravimetric
analyzer for testing biowaste-based adsorbents with lanthanum
functionalization.
Process Atmosphere Temperature (°C) Duration (min)
Desorption Ny 200 30
Cooling ramp N, 200—30 17
Adsorption CO2 30 60
Heating ramp Ny 30—200 17
1000 e m; + Amy — My,
q = e My = (1000 & m; + Am),,;, @

m;

where m; corresponds to the initial adsorbent mass (g), Am; to the mass
variation (g) given by TGA for each time and mp, corresponds to the
mass of regenerated adsorbent (g) determined as the baseline of mini-
mum mass for each cycle. The carrying capacity of tested adsorbents was
determined and compared using a pure CO5 stream and a real flue gas
stream provided by an industrial partner. Note that using real gas
allowed to determine the impact of other impurities (e.g., CO and SO2)
on CO, capture performance of tested adsorbents. The composition of
the flue gas is presented in Table 3.

3. Results and discussion
3.1. Biowaste-adsorbent preparation and surface characterization

Table 4 shows the char yields obtained for tested biowaste precursors
using pyrolysis and HTC. The results indicated that HTC’s yield was
higher than the pyrolysis’ for all the biowaste precursors. The yields
were determined based on multiple batches, with standard deviations
below 3 % for pyrolysis and 7 % for HTC. Pyrolysis and HTC yields
obtained for both rice husk and grape marc were similar to the ones
found in the literature for slow pyrolysis (~35 %) (Singh et al., 2019)
and food waste-based hydrochars (43—66 %), respectively. The yield
of the cork pyrolysis is consistent with a proximate analysis presented in
the literature for this material (Montero et al., 2014); as the fixed carbon
and ash contents are lower than the grape marc’s and rice husk’s (Deiana
etal., 2014; Qi et al., 2019). On the other hand, the higher yield of cork
in HTC can be explained by its high content of suberin (33-50 % by
mass), which confers cork high thermal resistance and low water

Table 3
Flue gas composition used in CO, adsorption/desorption
studies. Data provided by an industrial partner.

Flue gas component Composition
02 (%) 11.7 £ 0.6
CO; (%) 15.4 + 0.9
CO (ppm) 839 + 42
SO (ppm) 3.8+0.2
H,0 (ppm) 645"

NOx (ppm) <1.0°

? Quantified at the Flue Gas bottle exit using an Aspen Plus
flash model (UNIFAC physical property method).
b Below the quantification limit of the analyzer.

Chemical Engineering Science 327 (2026) 123637

Table 4
Yields of the char production using grape marc, rice husk and cork stoppers.

Yield (%)

Precursor Pyrolysis Hydrothermal carbonization
Grape marc 33.5 65.3
Rice husk 37.2 61.8
Cork stoppers 20.7 86.8

absorption (Engel et al., 2022), potentially inhibiting the hydrolyzation
that usually takes place during HTC.

XRD and FTIR results are presented in Fig. 2 and Fig. 3, respectively.
The crystalline structures of all carbon-based materials synthetized from
the different biowaste precursors via pyrolysis and HTC exhibit the
characteristic broad and asymmetric peak at ~ 22°20. This peak corre-
sponds to the lattice spacing of C (002) in highly disordered materials, as
reported in previous studies (Ismail et al., 2020; Wang et al., 2022; Casal
et al., 2023). Moreover, some adsorbent samples display a weak
diffraction peak at ~ 43°20, attributed to the presence of (101) reflec-
tion planes within partially graphitized carbon structures (Ismail et al.,
2020; Casal et al., 2023). In addition to the C (002) and (101) crystalline
planes, the adsorbent samples obtained from grape biowaste exhibits the
crystalline structure corresponding to calcium carbonate (ICDD:
01-086-2340) and lanthanum oxide carbonate (ICDD: 01-084-1964).
Similar findings were reported by Frikha et al. (Frikha et al., 2021), who
in addition stated that calcium ranks among the predominant mineral
components within grape biomass. X-ray diffraction patterns also indi-
cated the existence of lanthanum oxide (ICDD: 03-065-3185) on the
material’s surface. Regarding the cork samples, the crystalline phase
ascribed to calcium carbonate (ICDD: 01-086-2340) was identified in
one sample. It is convenient to highlight that calcium is one of the
principal elements found in cork stoppers, which in addition contain
significant quantities of Si, S, Cl and K (dos Santos et al., 2013; Deba-
stiani et al., 2021). Lanthanum moieties, specifically lanthanum hy-
droxide (ICDD: 00-006-0585), lanthanum carbonate hydrate (ICDD:
00-025-1400), and lanthanum carbonate hydroxide hydrate (ICDD:
00-046-0386), were identified in carbonized samples, while the
diffraction peaks observed at ~ 13.1, 15.4, 21.4, 23.8 and 35.5°260 can
be attributed to silicon oxide. The existence of this last compound stems
from the external treatment of cork stoppers with silicon resins, which is
employed to enhance the sealing characteristics of cork materials
(Debastiani et al., 2021). Finally, all adsorbent prepared from rice husk
display the distinct diffraction peak corresponding to the organic crys-
talline compounds, linked to the C (002) crystalline plane of carbon-base
materials at ~ 21.5°20 (Wang et al., 2022). Furthermore, the crystalline
structure of lanthanum hydroxide (ICDD: 00-036-1481) was identified
in the adsorbent samples.

On the other hand, FTIR spectra of all the biowaste-based adsorbents
exhibit absorption bands ascribed to stretching vibration of O-H
(~3440 cm™Y) and C-H (2920 and 2850 cm™ 1) bonds, respectively
(Quang et al., 2022; Domingos et al., 2024). Additional features include
stretching vibrations associated with O-C=0 (1735, 1280 and 1175
em™1), C=0 (~1750 - 1625 em™ 1), C=C (~1560 — 1460 cm ™), C-O-C
(~1400 and 1065 cm ™), C-O (~1380 — 1100 cm™'), C-H (1100 and
800 ecm™1), C-C-O (~880 ecm™!), C=H (~850 — 750 cm '), and aro-
matic rings (~900 — 700 cm™ 1), besides rocking vibration band of CH,
(740 cm™ ) (Wang et al., 2022; Domingos et al., 2024; del Pozo et al.,
2022; Gong et al., 2024; Apolloni et al., 2025; Garcia-Laynez et al.,
2025; Rezvani et al., 2025). Rice husk-derived adsorbents exhibit
distinctive absorption bands associated with the asymmetric stretching
vibrations of Si-O-Si (~800 and 476 cm™)) reflecting the presence of
silica (Apolloni et al., 2025; Rezvani et al., 2025; da Rocha and de G,
Santana Junior MB, Pier Macuvele DL, Riella HG, Ienczak JL, Padoin N, ,
2025). In the lanthanum functionalized adsorbents, the stretching vi-
bration of La-O bond can be identified at ~ 1454, 850, 675 and/or 465
cm ! (Li et al., 2020; Kumar et al., 2019).
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Fig. 2. XRD results of CO capturing adsorbents obtained via a,b,c) pyrolysis and d,e,f) hydrothermal carbonization. Biowaste precursor: a,d) grape marc, b,e) cork
stoppers and c,f) rice husk. The red and blue curves correspond to adsorbents with and without lanthanum functionalization, respectively.
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Fig. 3. FTIR results of the CO, capturing adsorbents obtained via a,b,c) pyrolysis and d,e,f) hydrothermal carbonization. Biowaste precursor: a,d) grape marc, b,e)
cork stoppers, and c,f) rice husk. The red and blue curves correspond to adsorbents with and without lanthanum functionalization, respectively.

Although the adsorbents obtained by both carbonization routes share

several common surface functional groups, the overall intensity of
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adsorption bands of spectra from hydrochars is generally higher than
those for pyrolyzed materials. This result indicates a higher concentra-
tion or abundance of surface functional groups generated during HTC-
based carbonization process. The functional groups identified in cork-
based adsorbents primarily originate from suberin (the main structural
component), polysaccharides and lignin (Wang et al., 2022; Gong et al.,
2024), while those in rice husk-based adsorbents are mainly contributed
by cellulose, hemicellulose, lignin and silicon dioxide (da Rocha and de
G, Santana Junior MB, Pier Macuvele DL, Riella HG, Ienczak JL, Padoin
N, , 2025). For adsorbents synthesized from grape marc biowaste, the
functional groups are predominantly derived from cellulose, hemicel-
lulose, and lignin (Titone et al., 2025).

Scanning electron microscopy (SEM) micrographs of selected

a)

;- F.C. UCOL

b)
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samples are reported in Fig. 4. The hydrochar surface exhibits a well-
organized structure with some pores containing small aggregates,
while the micrograph of the pyrolyzed grape marc shows a homoge-
neous and porous structure, resulting from the degradation of organic
matter and the release of volatile compounds during thermal treatment.
After functionalization with lanthanum, the hydrochar surface becomes
irregular and non-homogeneous, suggesting that the pores were clogged
with lanthanum flakes deposited on the surface. In contrast, the pyro-
lyzed material preserves its well-developed porous structure, and
lanthanum is detected dispersed on the adsorbent surface. This result
suggests that the incorporation of lanthanum does not collapse the pore
network.

F.C. UCOL

\ Fil . .
L AWSx4000 - d0pm - waF€UCOL
100
80

=)
(=

CO, carrying capacity (mg/g)
P
S

[
(=

—Grape marc
~——Rice husk
~——Cork

300
Time (min)

Fig. 4. Raw (a,c) and lanthanum-functionalized (b,d) adsorbents obtained by pyrolysis (a,b) and hydrothermal carbonization (c,d) of grape marc. Fig. 4. The
multicyclic activity of biowaste-based adsorbents obtained via pyrolysis for CO, capture (1 data point per second). The desorption was performed at 120 °C in an

inert atmosphere and the adsorption at 30 °C under CO, flow.
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3.2. COg capture performance

The multicyclic carrying capacity of the adsorbents obtained via
pyrolysis without or with lanthanum functionalization is represented in
Fig. 4 and Fig. 5, respectively, while Fig. 6 and Fig. 7 report the per-
formance of hydrochars without and with lanthanum functionalization,
respectively. The raw data of the TGA runs used for obtaining the
multicyclic carrying capacity of the adsorbents is presented in Appendix
A. Overall, HTC process leads to adsorbents with lower carrying capacity
than the ones obtained via pyrolysis. The adsorbents produced from HTC
show lower surface area, but more functional groups than biochars.
Specifically, the surface area of synthetized adsorbents via pyrolysis
from grape marc, rice husk and cork stoppers was 22, 9 and 5 m?/g,
respectively. In comparison, their counterparts obtained through hy-
drothermal carbonization exhibited surface areas lower than 5 m?/g.
Therefore, the lower CO4 capturing activity of the hydrochars is related
to their low porosity where physisorption is expected to govern the
separation process (Cognigni et al., 2025). Overall, lanthanum func-
tionalization does not show a significant improvement in CO; capture,
which can be attributed to the reduction in surface area, probably due to
partial pore blockage by the lanthanum species deposited on the surface.
Specifically, the surface area available for gas adsorption decreased up
to 30-35 % for pyrolyzed adsorbents, and for hydrochars it was less
than 1 m?/g. However, the adsorption kinetics of the grape marc-based
adsorbents were different where the sample functionalized with
lanthanum exhibited a faster kinetics. Note that the grape marc adsor-
bent showed a total pore volume of 0.0252 cm®/g and a micropore
volume of 0.003 cm®/g. Therefore, this material had mesopores and also
low microporosity.

The carrying capacities obtained in this study are lower than some of
the ones reported in the literature (Li et al., 2025; Quan et al., 2023),
which could be improved by adding an activation step, for example with
KOH. However, it is important to highlight the maintenance of biowaste-
based adsorbent activity over consecutive adsorption/desorption cycles,
which is interesting for future industrial implementation of the process.
The adsorbent production via grape marc and cork stoppers pyrolysis
seems to be an interesting topic for future studies.

The kinetic performance of biowaste-based adsorbents obtained
from pyrolysis was modelled, which showed the most promising CO5
capture results. This modelling considers that the variation of the
occupied adsorbent active sites in the surface of theses biowaste-based
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Fig. 5. The multicyclic activity of biowaste-based adsorbents obtained via
pyrolysis and lanthanum functionalization for CO, capture (1 data point per
second). The desorption was performed at 200 °C in an inert atmosphere and
the adsorption at 30 °C under CO flow.
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Fig. 6. The multicyclic activity of biowaste-based adsorbents obtained via
hydrothermal carbonization for CO, capture (1 data point per second). The
desorption was performed at 120 °C in an inert atmosphere and the adsorption
at 30 °C under CO, flow.
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Fig. 7. The multicyclic activity of biowaste-based adsorbents obtained via
hydrothermal carbonization and lanthanum functionalization for CO, capture
(1 data point per second). The desorption was performed at 200 °C in an inert
atmosphere and the adsorption at 30 °C under CO, flow.

materials with time, %, is given by a trade-off between the adsorption
rate (r,) and the desorption rate (r4), as described by Equation (3).

% =Tq—Tq 3
It was assumed the adsorption followed a first-order kinetics regarding
CO4 concentration in the gas (C;) and regarding the fraction of free
active sites in the adsorbent surface (1 — 6;). On the other hand, the
desorption kinetic was assumed to follow a first-order kinetics with
respect to the occupied sites in the adsorbent surface (6;). The kinetic
rates of adsorption and desorption are given in Equations (4) and (5),
respectively,

rq =k Ci(1—6,) (€)]
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rq = k46, ()

do,

dftt = kacz(l - 9t) - kdat (6)

0, = 2598 (G — 40) — kg %
t qmax dt a™~t max t t

where k, is the adsorption kinetic constant and k; the desorption kinetic
constant. The variation of the fraction of occupied sites in the adsor-
bent’s surface with time t is thus given by Equation (6) and the variation
of the CO, captured by the adsorbent (q;) is given by Equation (7), in
which gmex corresponds to the maximum CO; carrying capacity of the
adsorbent. To model the CO; carrying capacity with time, the carrying
capacity is integrated between 0 and g, and the time between 0 and ¢, as
presented in Equation (8).

" [
= [ dt 8
0 kact(qmax - (It) — kaq, 0 ®)

Concerning the adsorption process from a pure CO; stream, the CO,
concentration in the stream remains unchanged after capture and equals
the initial CO2 concentration (Cy). The carrying capacity variation with
time is thus given by Equation (9).

ka CO qmax

= k.Co + ko (1 —exp(— (koCo + ka)t) ) 9

q:

The deduction of this equation is presented in Appendix B of the Sup-
plementary Material. Therefore, the CO, capture by the adsorbent fol-
lows a pseudo-first order kinetics, given by Equation (10), with g, =
tdnes and ky = kaCo + ka.

kaCquax

:mJ(l =k,Co +kq 10)

q: = qe(1 — exp( —kit)), g.

A pseudo-second order kinetics regarding the fraction of free sites on the
adsorbent surface, given by Equations (11) and (12), was also tested.

d
& =@ - a0’ an
g.t
q = 12)
ak tt

The modeling results for the pseudo-first order and pseudo-second order
adsorption kinetics for the adsorbents obtained via pyrolysis, with and
without lanthanum functionalization, is presented in Table 5. Note that
these results were obtained by minimizing the sum of squares error of all
the adsorption cycles where the joint minimization was possible since no
deactivation was present among the cycles. The mean squared error
(MSE) obtained using a pseudo-first order kinetics is lower than using a
pseudo-second order kinetics for all the analyzed samples, see Table 5.
Therefore, it is possible to conclude that a pseudo-first order kinetics is
best suited to describe CO, capture performance of all the adsorbents
obtained via pyrolysis with and without lanthanum functionalization.

It was assumed the maximum carrying capacity was achieved at the
end of the adsorption steps. Therefore, the desorption steps were
modelled by integrating g, in Equation (7) between gme and gq;, as
presented in Equation (13).

" da [
= [ dt 13
Gmax kact(qmax - qt) - kdqt 0 ( )

As the desorption was performed in the presence of a pure nitrogen
stream, the CO; concentration in the gas stream (C;) was zero resulting
in Equation (14), whose deduction is presented in the Appendix C of the
Supplementary Material.

Chemical Engineering Science 327 (2026) 123637

Table 5

Kinetic constants using pseudo first order and pseudo second order approaches
for the modelling of CO, capture using biowaste-based adsorbents obtained via
pyrolysis.

Adsorbent sample Adsorption
Precursor Preparation Parameter  Pseudo 1st Pseudo Units
route order 2nd order
kinetics kinetics
Grape Pyrolysis kn 7.48-10* 8.00-10° (g/mg)™
marc lg7t
qe 56.05 77.44 mg/
8adsorbent
MSE 0.39 0.62 (mg/
Sadsorbent)”
Cork Pyrolysis kn 2.39-102 4.66-10°  (g/mg)™
11
s
qe 62.77 70.83 mg/
8adsorbent
MSE 0.80 6.03 (mg/
Gadsorbent)”
Rice husk  Pyrolysis kn 2.09-10° 6.70-10°  (g/mg)™
1.1
-s
qe 35.36 40.60 mg/
8adsorbent
MSE 0.25 1.89 (mg/
Sadsorbent)”
Grape Pyrolysis + kn 1.56-10° 2.37-10° (g/mg)™
marc La Ls7t
Qe 61.38 73.84 mg/
8adsorbent
MSE 0.87 5.64 (mg/
ga\clsorbem)2
Cork Pyrolysis + kn 2.14.10% 4.53-10°° (g/mg)™
La lgt
Qe 54.9 62.80 mg/
8adsorbent
MSE 0.59 4.59 (mg/
Sadsorbent)”
Rice husk  Pyrolysis + kn 1.73-10°% 5.87-10°  (g/mg)™
La 11
qe 30.38 35.75 mg/
8adsorbent
MSE 0.31 1.24 (mg/
Sadsorbent)”
MSE: Mean Squared Error.
n: Order of Reaction
G = qmax ® €Xp(—Kat) 19

The calculated values of the adsorption and desorption kinetic constants
and the maximum carrying capacity are presented in Table 6 for all the
pyrolyzed biowaste-based adsorbents. The fitting of the experimental
results of the adsorption and desorption with the pseudo first order ki-
netics parameters shown in Table 6 is represented in the Appendix D of
the Supplementary Material. It is possible to conclude the La-
functionalization improves the kinetic performance and the maximum
adsorption capacity of the grape marc-based adsorbent.

Table 6
Calculated values of pseudo first order kinetic constant (k;) and maximum
carrying capacity (g.) of biowaste-based adsorbents obtained from pyrolysis.

Adsorbent sample Adsorption Desorption
Precursor Preparation ki(s™H qe(mg/ ka(s™ Qmax(mg/
route g) g)
Grape Pyrolysis 7.48.10%  56.05 2.10-10°  46.10
marc
Pyrolysis + La 1.56-10°  61.38 3.2410°  64.24
Cork Pyrolysis 2.39.10°  62.77 4.92.10°  65.13
Pyrolysis + La 2.1410%  54.97 479102 5778
Rice husk Pyrolysis 2.09-10°  35.36 4.34.10°  35.12

Pyrolysis + La 1.73-10°  30.38 4.39-10°  31.80
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3.3. Effect of the desorption time and temperature on CO; capture

The effect of the desorption time on the adsorption capacity of the
pyrolyzed grape marc sample was evaluated by increasing the desorp-
tion time from 30 min to 1 h, as represented in Fig. 8. The experimental
carrying capacity obtained with a longer desorption time was slightly
lower than when the desorption lasted 30 min. This suggests the devi-
ation falls into the error of the analysis and that a desorption time of 30
min is enough to fully desorb CO, from the adsorbent’s surface.

On the other hand, the effect of the temperature on the relative
desorption of the functionalized and non—functionalized grape marc-
based adsorbents was evaluated by increasing the temperature from
120 to 200 °C and the results are presented in Table 7. The relative
desorption increases with the increase of temperature for the grape
marc-based adsorbents, leading to major availability of sample’s pores
and, therefore, on the maximum carrying capacity. This enhances the
kinetic performance of the adsorbent in the following adsorption step, as
represented in Fig. 9 and Fig. 10 for non-functionalized and
La-functionalized grape marc-based adsorbent, respectively. The rela-
tive desorption of the La—functionalized grape marc-based adsorbent is
lower than the non-functionalized one, which suggests the lanthanum
functionalization decreases the porosity of the sample, as already
confirmed by adsorbent characterization results.

Although a good correlation was found for grape marc adsorption
using a pseudo first-order kinetics (Table 5), with the increase of the
adsorption time (Fig. 9), it is possible to notice that the CO5 adsorption
does not stabilize at g, (56.06 mg/g) as predicted by the model for the
non-functionalized grape marc-based sample. This result was consistent
with the presence of microporosity within the sample obtained from
nitrogen physisorption, which is also in line with the reported porosity
of grape-marc based adsorbents in other studies (Frikha et al., 2021). In
this case, the COy adsorption by the adsorbent is the sum of the COy
adsorbed on the micropores (1) and on the mesopores (m), each showing
a different adsorption rate in the form given by Equation (10). There-
fore, the resulting carrying capacity is given by Equation (15).

Gt = Gem ® (1 — exp(—kymt)) + Gey ® (1 — exp(—ky,t)) (15)

The calculated adsorption kinetics constants and the maximum carrying
capacity are presented in Table 8 for non-functionalized and La-
functionalized grape marc-based adsorbent samples at the studied
temperatures. It is possible to notice that the MSE is significantly
reduced when using Equation (15) to describe the kinetics of the non-
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Fig. 8. Effect of the desorption time on the 1st cycle experimental carrying
capacity of the adsorbent obtained by pyrolysis of grape marc.
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Table 7
CO, desorption of the grape marc-based adsorbents at 120, 150 and 200 °C.

Adsorbent Desorption, m;(mg) Mpin(Mg) Relative desorption
preparation °C (%)
Pyrolysis 120 12.27 10.98 10.5
Pyrolysis 150 18.64 16.49 11.5
Pyrolysis 200 13.08 11.52 12.0
Pyrolysis + La 120 15.64 14.67 6.22
Pyrolysis + La 200 13.67 12.81 6.30
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Fig. 9. Effect of the desorption temperature on the 1st cycle experimental
carrying capacity of the adsorbent obtained by pyrolysis of grape marc.
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Fig. 10. Effect of the desorption temperature on the 1st cycle experimental
carrying capacity of the adsorbent obtained by pyrolysis of grape marc and
functionalized with lanthanum.

functionalized adsorbent. The results also shows that g., < gem sug-
gesting that adsorbent microporosity played a secondary role for CO5
adsorption on this adsorbent. On the other hand, the MSE of the La-
functionalized adsorbent indicates that Equation (10) presents a good
fit for the adsorption data obtained, which suggests the adsorbent loses
its microporosity on the functionalization step. These findings agreed
with the adsorbent characterization results reported above.
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Table 8
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Calculated adsorption kinetic constant and maximum adsorption capacity of the mesopores and micropores of grape marc-based adsorbents under desorption tem-

perature between 120 and 200 °C.

Mesopores Micropores
Adsorbent preparation Desorption temperature (°C) Kinetic considered kim(s™) qem(mg/g) ki shH e, (mg/g) MSE ((mg/g)z)
Pyrolysis 120 Eq. (10) 5.10-10* 57.91 - - 1.65
Eq. (15) 7.69-10* 41.45 1.13-10" 26.19 0.17
150 Eq. (10) 6.87-10* 61.12 - - 3.24
Eq. (15) 1.02-10° 47.56 0.97:10* 25.69 0.19
200 Eq. (10) 7.36:10* 67.72 - - 4.09
Eq. (15) 1.15-10° 51.20 1.36-10" 25.84 0.09
Pyrolysis + La 120 Eq. (10) 1.65-10° 51.13 - - 0.08
200 Eq. (10) 1.61-10° 61.31 - - 0.44
MSE: Mean Squared Error.
Eq: Equation
Regarding the adsorption on the mesopores, both g, and ki, in-
crease with the increase of temperature for the non-functionalized 100
samples, which is related to the availability of adsorption sites caused Cork
by a more effective desorption. On the other hand, the desorption —Cork FG
temperature does not play an important role in the calculated micro- 80 -
pores constants k; , and q.,, which suggest full desorption is obtained g
within the micropores at 120 °C. £
£ 60
3.4. Capturing CO, from flue gas %
5
The flue gas has lower CO partial pressure (15.4 %, Table 3), which §= 40
leads to lower CO; adsorption rate and maximum adsorption capacity of S
the adsorbent, considering the same total gas flowrate. CO, capture 8:
using the real flue gas from a cement plant is reported in Fig. 11, Fig. 12 2
and Fig. 13 for adsorbents obtained from the pyrolysis of grape marc,
cork stoppers and rice husk, respectively, while the capture performance
of the corresponding La-functionalized adsorbents is presented in
Fig. ?4, Fig. 15, and Fig. 16, respectively. . 0 0 100 200 300 400
Since the cement plant flue gas stream is not fully composed of CO3, Time (min)

the concentration of CO- at the exit of the thermogravimetric analyzer
(Cy,) increases over time with the decrease of the CO, capturing rate
(rco, cap.t) following Equation (16).

d
mchar%
M, w,COy

Fco,i —Tco,.capt

Cre = CoXco, fit:XCOy fit = =TCoycapt =

Fco,i — T'coy.capt + Finert'
(16)

Thus, to obtain a suitable representation of the adsorption kinetics when
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Fig. 11. Effect of using real cement plant flue gas on the multicyclic activity of
the adsorbent obtained by grape marc’s pyrolysis. “FG” denotes flue gas.

10

Fig. 12. Effect of using real cement plant flue gas on the multicyclic activity of
the adsorbent obtained by cork stoppers’ pyrolysis. “FG” denotes flue gas.
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Fig. 13. Effect of using real cement plant flue gas on the multicyclic activity of
the adsorbent obtained by rice husk’s pyrolysis. “FG” denotes flue gas.

using flue gas, Equation (7) must be integrated considering the variation
of CO, concentration at the exit of the reactor. To understand the impact
of the variation in the CO; concentration when estimating the kinetics of
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Fig. 14. Effect of using real cement plant flue gas on the multicyclic activity of
the adsorbent obtained by grape marc’s pyrolysis and functionalized with
lanthanum. “FG” denotes flue gas.
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Fig. 15. Effect of using real cement plant flue gas on the multicyclic activity of
the adsorbent obtained by cork’s pyrolysis and functionalized with lanthanum.
“FG” denotes flue gas.

the reaction, cork-based adsorbent was analyzed, since it was the one
which presented the highest kinetic rate, thus contributing to the highest
variation in the flue gas composition. CO, capturing rate of this adsor-
bent in the kinetic-limited region was estimated based on the experi-
mental data at 3.93-10™ 8c02/8adsorbent/S- The specific mass flowrate of
CO5 at the gas inlet stream when using flue gas is approximately
0.5 gco2/8adsorbent/S, Which led to a CO5 composition of 15.4 % (v/v) at
TGA exit (i.e., approximately equal to the gas feed composition).
Therefore, the C;, variation over time was considered negligible,
allowing to estimate the adsorption capacity of the adsorbent by Equa-
tion (17).

ka CFG qmax

koCr¢ + kg (1 — e etk ) 1 Cr¢ = CoXcoyi
a

qe = qerc(1 — €M7 g =
a7)

The kinetic constants and maximum carrying capacities obtained from
the experimental curves of each adsorbent using Equation (17) for
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Fig. 16. Effect of using real cement plant flue gas on the multicyclic activity of
the adsorbent obtained by rice husk’s pyrolysis and functionalized with
lanthanum. “FG” denotes flue gas.

adsorption and Equation (14) for desorption are presented in Table 9. No
values are presented for grape marc-based adsorbent using flue gas and
desorption temperature of 120 °C because the material presented
deactivation over consecutive adsorption/desorption cycles. This sug-
gests the desorption step was incomplete for this adsorbent using a flue
gas stream.

Since the difference between the tests performed with biowaste-
based adsorbents is only the flue gas, it should be possible to obtain
kq, kq at 30 °C and qpq, for each adsorbent, given k; and g, values
presented in Table 9. The adsorption and desorption constants at 30 °C
were estimated according to Equation (18), whose deduction is pre-
sented in Appendix E of the Supplementary Material, and Equation (19),
respectively, while gmqx Was given by Equation (20) using g. obtained in
the pure CO; experimental tests.

k = kl,COz — kl‘FG

a (18)
Co — Cre
ka = k1,co, —kaCo = k1rg — kaCra (19)
e.co, (Coka +k
— qeco, (Co ) (20

CO ka

The estimated gy,q Was then used to calculate g, that should be obtained
using a flue gas stream with 15.4 % CO4 (Equation (21)).

_ qma.xCFGka

o = maxCrcka 21
Qe Croka + kg 21

The estimated g, values are presented in Table 10. It is possible to notice
that the equilibrium adsorption capacity obtained experimentally is
significantly higher than the adsorption capacity estimated using the
CO, concentration in the stream. Therefore, the experimental and
modelling results suggest that CO is not the only gas component that is
being adsorbed. Therefore, further tests are required to evaluate the
selectivity of these materials and to understand the impact of each flue
gas contaminant in CO; adsorption.

The first order adsorption kinetics (Equation (10)) was applied to
each CO, adsorption cycle of pyrolyzed grape marc adsorbent using flue
gas and desorption temperature of 120 °C. The kinetic constant was
fitted for all the adsorption cycles, while the equilibrium carrying ca-
pacity was obtained for each cycle. The kinetic constant was estimated
at 4.40-10* s! and the equilibrium carrying capacity obtained for each
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Table 9
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Pseudo first-order adsorption kinetic constant (k; ), maximum carrying capacity (q.), and deactivation kinetic constant (kq) of CO5 capture using biowaste-based

adsorbents obtained via pyrolysis.

Adsorption Desorption

Biowaste Inlet gas stream Adsorbent preparation Desorption temperature (°C) k(s q.(mg/g) kq(s™) Qmax(mg/g)
Grape marc CO, Pyrolysis 120 7.48-10* 56.05 2.10-10°3 46.10
Grape marc Flue gas Pyrolysis 120
Cork CO, Pyrolysis 120 2.39-10°3 62.77 4.92.10°3 65.13
Cork Flue gas Pyrolysis 120 1.49-10° 34.97 3.25.10°° 31.95
Rice husk CO, Pyrolysis 120 2.09-10°3 35.36 4.34.10°° 35.12
Rice husk Flue gas Pyrolysis 120 1.49:10° 16.90 3.54.10°3 15.77
Grape marc CO, Pyrolysis + La 200 1.61-10° 61.31 3.24.10°% 64.24
Grape marc Flue gas Pyrolysis + La 200 9.42:107* 28.19 2.51.10°3 31.33
Cork CO, Pyrolysis + La 200 2.14-10°3 54.97 4.79-10° 57.78
Cork Flue gas Pyrolysis + La 200 1.48-10° 29.73 3.36:10°° 31.23
Rice husk CO, Pyrolysis + La 200 1.73.10°° 30.38 4.39-10° 31.80
Rice husk Flue gas Pyrolysis + La 200 1.41.10°® 15.82 2.30-10°3 15.15

" The adsorption curves varied among the cycles. Therefore, the results are not presented in this table.

Table 10

Experimental and estimated equilibrium CO, capture using a flue gas stream.
Precursor ~ Adsorbent Desorption Experimental Estimated

preparation temperature q.(mg/g) qe(mg/g)
Q)
Cork Pyrolysis 120 34.97 15.53
Rice husk  Pyrolysis 120 16.90 5.97
Grape Pyrolysis+La 200 28.19 14.06
marc

Cork Pyrolysis +La 200 29.73 10.13
Rice husk  Pyrolysis+La 200 15.82 2.84

cycle is presented in Table 11. However, more experimental data is
needed for obtaining a correlation between the adsorbent deactivation
and the number of adsorption/desorption cycles.

4. Conclusion

In this study, carbon-based adsorbents were synthetized from resi-
dues of cork stoppers, grape marc, and rice husk via pyrolysis and hy-
drothermal  carbonization with and  without lanthanum
functionalization. The results show pyrolysis is the preferred method for
synthesizing CO, adsorbents from these materials, as it leads to higher
carrying capacities (up to 63 mg CO, /g adsorbent). When testing the
multicyclic performance of the adsorbents at atmospheric pressure and
using moderate temperatures for adsorption and desorption, no deacti-
vation was detected within the 5 cycles tested, except for the grape
marc-based adsorbent in the presence of flue gas. This means that in the
case of cork- and rice husk-based adsorbents, the fresh adsorbent
required is only for compensating the material loss in the separation
units. Concerning the loss of activity of the grape marc-based adsorbent
over consecutive cycles, it is explained by its slower kinetic perfor-
mance, which may lead to incomplete desorption. It is expected that
longer desorption times would reduce this deactivation. Regarding
lanthanum functionalization, it was detected a positive effect for the
CO, adsorption properties of grape marc-based adsorbent. The hy-
pothesis is that the lanthanum functionalization reduces the micropo-
rosity of the sample, increasing the rate of CO, adsorption. No positive
effect was present when submitting the remaining adsorbents to
lanthanum functionalization. The use of cement plant flue gas led to
slower adsorption rates and lower equilibrium carrying capacities of the
adsorbents, as expected. Nevertheless, the experimental equilibrium
carrying capacity was higher than the one estimated based on the COy
content and on the kinetic constants. Further investigation is needed to
evaluate the selectivity and long-term stability of these materials and to
compare the costs of this process to benchmark technologies, such as
MEA absorption.

12

Table 11

Maximum equilibrium carrying capacity of pyro-
lyzed grape marc adsorbent exposed to cement
plant flue gas with a desorption temperature of

120 °C.
Cycle number q.(mg/g)
1 40.44
2 36.31
3 36.07
4 32.03
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