Environmental Research 248 (2024) 118247

Contents lists available at ScienceDirect

Environmental Research

journal homepage: www.elsevier.com/locate/envres

ELSEVIER

Check for

Optimizing filters of activated carbons obtained from biomass residues for &
ethylene removal in agro-food industry devices

Ana M. Regadera-Macias, Sergio Morales-Torres, Luisa M. Pastrana-Martinez " Francisco
J. Maldonado-Hddar

NanoTech — Nanomaterials and Sustainable Chemicals Technologies, Department of Inorganic Chemistry, Faculty of Science, University of Granada, Avda. Fuente Nueva,
s/n, ES18071, Granada, Spain

ARTICLE INFO ABSTRACT

Keywords:

Ethylene

Olive stones

Porous carbon

Adsorption

Physical or chemical activation

A series of adsorbents (activated carbons, ACs) were synthesized by physical and chemical activation of olive
stones (OS) and their textural and chemical characteristics determined by complementary techniques such as Ny
and CO, physisorption, pH of the point zero of charge (pHpzc), HRSEM or XPS. Samples with a wide range of
physicochemical properties were obtained by fitting the activation procedure. The performance of these ad-
sorbents in filters working under dynamic conditions was studied by determining the corresponding break-
through curves for the ethylene removal. The physicochemical transformations of OS during activation were
related with the adsorptive performance of derivative ACs. Results were compared to those obtained using
commercial carbons, in particular ACs, carbon black or carbon fibers, in order to identify the properties of these
materials on influencing the adsorptive performance. In general, ACs from OS perform better than the com-
mercial samples, being also easily regenerated and properly used during consecutive adsorption cycles. CO»-
activation showed to be the best synthesis option, leading to granular ACs with a suitable microporosity and
surface chemistry. These results could favour the integration of this type of inexpensive materials on devices for
the preservation of climacteric fruits, in a clear example of circular economy by reusing the agricultural residues.

1. Introduction

The development of porous materials to be used as effective adsor-
bents for the removal of pollutants (CO,, Hg, volatile organic com-
pounds (VOCs), acid gases, SOx, NOy, etc.) (Hsieh et al., 2021; Plata-Gryl
et al.,, 2022; Yang et al., 2021) or molecular sieves for the concen-
tration/separation/purification of gaseous mixtures (CO2/CHy,
CoHg/CoHy, etc) (Cho et al., 2022; Hamyali et al., 2022) is a key aspect in
many industrial or environmental processes. Specifically, the develop-
ment of effective tools to control the atmosphere surrounding climac-
teric fruits during their storage or transport is a main task for the
agro-food industry.

Refrigerated chambers used for storage or transport operate under
controlled atmosphere with a fitted concentration of Oy, COy or hu-
midity. In addition, different VOCs emitted by the stored fruits are
strictly limited to increase the durability of the fruit (Wei et al., 2021).
Among them, ethylene (CoH4) acts as a ripening natural hormone being
highly active even at very low concentrations (mg L) (Keller et al.,
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2013), causing the senescence and discard of part of the stored fruits
with the consequent economic loss. The ethylene removal from the at-
mosphere of these devices is therefore a target objective to reach the
proper functioning.

Different technologies have been developed to delay fruit ripening
such as the use of 1-methylcyclopropene (1-MCP) inhibiting the
ethylene perception, potassium permanganate (KMnQ4) as scavenging
agent, thermal/photo-catalysis and adsorption processes, and so on
(Keller et al., 2013). Adsorption is traditionally used to remove organic
compounds from aqueous or gaseous effluents. Despite the huge impact
that research on new nanostructured materials (Metalorganic frame-
works, zeolites, graphenes, etc.) is having on the development of specific
adsorbents (Altintas and Keskin, 2022; Cho et al., 2022; Coros et al.,
2020; de Menezes et al., 2022; Vivo-Vilches et al., 2015), the use of
activated carbons (ACs) for such applications still occupies an important
position (Vivo-Vilches et al., 2015). Different and abundant agro-wastes
are available around the world, which can be valorised by trans-
formation in advanced materials and integrated in the agro-food chain,
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e.g. for the removal of volatile organic compounds (VOCs) like ethylene,
decreasing the carbon footprint according to the circular economy
concept. Numerous and recent publications continue progressively
trying to update these classic materials in different applications
(Hamyali et al., 2022; Malini et al., 2023; Wu et al., 2020; Yang et al.,
2021).

The physicochemical properties influencing on the adsorption pro-
cess of ACs are related with their porous texture, surface area and
chemical surface. These parameters can be adjusted by activation or
functionalization treatments, but the transformations induced are highly
dependent on the precursor and the experimental synthesis conditions
used in each case. ACs can be prepared using very diverse cheap pre-
cursors such as industrial wastes, sewage sludge, mineral coals, poly-
mers (spent tyres), etc., (Jones et al., 2021; Lujan-Facundo et al., 2020;
Sunkar et al., 2023) demonstrating very competitive pricing compared
to other adsorbent materials. From a chemical point of view, ACs present
hydrophobic surfaces, which enhance the VOC adsorption and mitigate
the competitive adsorption of water regarding hydrophilic adsorbents.
ACs also possess good mechanical properties with a high resistance to
compression strength, avoiding the loss of efficiency by crashing when
packed in large columns.

In general, the carbonization step involves the thermal decomposi-
tion of the chemical structure of organic precursors in an atmosphere
free of oxidant species. The breakage of the weaker chemical bonds
generates small molecules removed as gases (COy, SOx, NOx, CHy, Hp),
pyrolysis liquids (sometimes used as precursors of biofuels) and a solid
residue enriched in carbon (char), but still having a scarce porosity. The
use of hydrothermal carbonization (HTC) processes allows to low the
carbonization temperature by contacting raw feedstock with pressurized
water, saving energy and increasing the char yield, although high
pressure reactors are needed (Yao et al., 2023). After carbonization,
physical or chemical activation processes develop the porosity of the
char. Physical activation use reagents in gas phase (air, steam, CO3)
which induces a partial gasification of the char (activation degree).
These reagents oxidize the carbon surface forming oxygenated surface
groups (OSGs), which are mainly unstable at the activation temperature,
thus decompose and evolve as CO. The distribution of OSGs remaining
on surface determines the chemical nature of the samples. ACs obtained
from barley straw by activation in steam (Pallarés et al., 2018) showed
FTIR bands mainly associated to the generation of a large amount of
phenols (1456 and 1377 cm™!) but when use CO; as activating agent
together phenols, the formation of aldehydes or ketones (2324-1982
cm_l) and carboxylic or lactones groups (1744 cm_l) was favoured,
denoting the influence of the activating agent on the chemical properties
of ACs.

As a result of the gasification processes and the corresponding
changes on surface chemistry, new porosity is developed. The activation
(burn-off) degree depends for each carbon precursor on the oxidant,
temperature, and time of treatment. The microporosity and surface area
usually increase at low activation degrees because new micropores are
formed, but with increasing this parameter the micropores are broad-
ened, leading to mesopores and the surface values can decrease. More-
over, the micropore development is favoured in the case of CO4, while
steam favours the formation of large micro- or even, mesopores (Moli-
na-Sabio et al., 1996).

Compared with physical activation, generally chemical activation
requires lower temperatures and times of activation (saving energy) and
triggers a deeper effect on the porosity development. However, these
processes are more expensive because of the use of activating chemicals
such as ZnCly, KOH, H3POy, etc. Moreover, these reactants are corrosive,
dangerous and not environmentally friendly, although some of them,
such as KyCOs, are more sustainable. These chemicals are mixed with
carbon precursors (or their char derivatives) fitting their proportions,
and then, thermally treated in an inert atmosphere. Chemical reactions
produce again the partial gasification of the sample, evolving gases and
developing porosity. Finally, the activated mixtures need to be carefully
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washed to remove the rests of chemicals and inorganic impurities. Re-
sults are dependent on the nature and proportion of precursor/chemical
in the mixture, temperature of treatment and residence time (Hsiao
et al., 2023; Macia-Agullo et al., 2004).

The use of agricultural wastes to obtain ACs, and their subsequent
applications in the agro-food industry, allows the valorisation of these
wastes and its integration into the production system through the
concept of circular economy. In this work, the characteristics and per-
formance of a series of ACs prepared by physical or chemical activation
of olive stones, a very abundant residue in Mediterranean countries, are
compared. These materials will be used to develop filters to be inserted
in the air recirculation systems of storage and/or transport chambers for
climacteric products (Scheme 1). The development of suitable materials
for the ethylene adsorption/desorption offers an intriguing technical
alternative to halt ripening during storage/transport (by adsorbing
ethylene, and other VOCs) or induce a controlled and appropriate level
of maturation (by desorbing ethylene) when the fruit is offered for sale.
Correlations between the porosity and chemical surface characteristics
for these ACs with ethylene adsorption performance under dynamic
conditions are stablished, trying to optimize the ACs synthesis condi-
tions to produce materials with improved and faster ethylene
adsorption-desorption processes. A comparison with different types of
commercial carbon materials (ACs, fibers and carbon blacks) confirms
the best performance of ACs obtained from this lignocellulosic residue.

2. Experimental
2.1. Preparation of adsorbents

As mentioned above, the main aim is to develop specific and sus-
tainable adsorbents for ethylene removal in air streams. Upon selecting
olive stones (OS) as the starting material, the properties of ACs obtained
by both physical and chemical activation methods were compared. The
specific conditions outlined below were tailored to enable easy com-
parisons between the synthesis procedures. Additional parameters, such
as material yield or physical form, were also considered, influencing
both cost-effectiveness and potential applications.

For the conditioning of olive stones (OS) coming from the olive oil
industry, the received materials without any pre-treatment were
grounded and sieved to a particle size between 1 and 2 mm, treated with
10% H3SO4 (98%, VWR Chemicals) solution to remove organic/inor-
ganic rests and then, thoroughly washed with distilled water. Physically
ACs were prepared in a horizontal tube furnace using a two-step process.
The first step involved a carbonization with N5 flow (150 cm® min~ 1) at
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H,0/0,/N, H,0/0,/N,/C,H,
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directions
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Scheme 1. Removing VOCs (ethylene) from storage chambers by adsorption/
desorption using intercalated adequate filters in the air recirculation system.

Desorbed C,H, N,/Air
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10 °C min~! until 800 °C with a soak time of 1.5 h. In the second step,
physical activation was conducted with either CO; by switching the flow
from pure Nj to pure CO, (150 cm® min’l) or steam. For steam acti-
vation, the Np/steam mixture was generated by maintaining the N flow
used during carbonization (150 cm® min~') passing through a preheated
glass flask at 200 °C, in which a flow of distilled water of 1.6 cm® min~*
was injected using a peristaltic pump, allowing water to be evaporated
and carried away by the flow of Ny. The activating conditions were
maintained during different time periods (between 3 and 4 h) to tailor
the burn-off (BO) degree to the values gathered in Table 1.

Chemical activation was carried out in only one step using KOH
(85%, VWR Chemicals) as activating agent. OS were directly mixed with
KOH in a weight ratio of 1:2 and 1:4 and these mixtures were thermally
treated for 2 h at 800 °C (10 °C min™") in N flow (150 cm® min~?) and
allowed to cool down to room temperature. Samples were finally
washed with diluted HCI solution and then, with distilled water until the
absence of chloride ions in the washing waters was observed.

In order to compare and to study the influence of mesoporosity on
the ethylene adsorption, a mesoporous carbon aerogel was also syn-
thesized. The sol-gel process used was previously described elsewhere
(Morales-Torres et al., 2010). Briefly, an aqueous solution of resorcinol
(R), formaldehyde (F) and Nap,CO3 (C) was prepared with a molar ratio
of R/F = ', R/water = 1/8, and R/C = 800, cast into glass moulds and
sealed in order to prevent evaporation. The cure process involves 1 day
at 30 °C, 1 day at 50 °C and 5 days at 80 °C and then, samples were cut
into pellets of around 5 mm long, exchanged with acetone for 2 days,
and finally, dried in supercritical CO». Supercritical drying is known to
be the most efficient technique to preserve porous texture, and aerogels
present in general wider meso-macropores and larger meso-macropore
volumes than xerogels (dried by direct heat or vacuum) or cryogels
(cryogenic drying) (Vivo-Vilches et al., 2015). The carbon aerogel was
prepared from this organic RF-polymer by carbonization under a 100
em® min~! N, flow at 900 °C with a heating rate of 2 °C min~! and soak
time of 5 h (Morales-Torres et al., 2010). No activation was carried out
in order to minimize the effect of microporosity and highlight the role of
mesopores on the ethylene adsorption.

A complete list of all the prepared materials is gathered in Table 1,
indicating the brief synthesis procedure, the activation degree of AC
yield (wt.%) regarding the starting OS weight. The nomenclature used
for the samples in the manuscript tries to summarize at a glance all this
information. Thus, after the generic “AC” denomination, the nomen-
clature indicates the activating agent (K, O and S for KOH, CO, and
steam, respectively) and the degree of activation. Thus, for instance, the
ACO-24 sample refers to the AC prepared by CO, activation and an
activation degree of 24%. Commercial carbon samples of different na-
ture were also selected to encompass a broad range of physico-chemical

Table 1
Carbonization, activation, yield and synthesis procedure of the different carbon
samples prepared by chemical or physical activation.

Sample Synthesis Carbonization  Activation  Yield
(%) (%) (%)
ACK- Chemical activation (OS+KOH - 92 8.0
92 -1:2)
ACK- Chemical activation (OS + KOH - 98 2.0
98 -1:4)
ACS-13 OS carbonization + steam 76 13 20.9
activation
ACS-23 OS carbonization + steam 76 23 18.5
activation
ACO- OS carbonization + CO 76 14 20.8
14 activation
ACO- OS carbonization + CO, 76 24 18.2
24 activation
ACO- OS carbonization + CO, 76 33 16.1
33 activation
M900 RF polymerization + 50 - 50.0
carbonization
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properties. These commercial samples were characterized and used
under the same conditions as the home-made samples. These carbons
used as reference materials, include an AC in pellets (Norit® RX-3 Extra,
from Norit) which will be referred as Norit in the text; a carbon black in
powder form (BP2000, from CABOT) labelled as BP2000; and carbon
fibers braided into fabrics (Novoloid 15-18 pm diameter, from Kynol)
denoted as Kynol fabrics.

2.2. Characterization techniques

The morphology of all carbon materials was analysed by high-
resolution scanning electron microscopy (HRSEM) with a LEO (Carl
Zeiss) GEMINI-1530 microscope. The textural characterization was
carried out by physisorption experiments. Samples were degasified
overnight at 110 °C under high vacuum (10~° mbar) before determining
the adsorption isotherms of Ny at — 196 °C and CO, at 0 °C using a
Quadrasorb SI equipment (Quantachrome, Boston Beach, FL, USA). The
apparent surface area (Spgr) was calculated applying the Brunauer-
Emmet-Teller (BET) to Ny adsorption data at P/Py < 0.10. The micro-
pore volume (Wy) and the mean micropore width (L) were obtained by
applying the Dubinin-Radushkevich and Stoeckli equations, respectively
(Bansal et al., 1988; Dubinin and Astakhov, 1971; Dubinin, 1989;
Dubinin and Stoeckli, 1980; Stoeckli, 1981, 1990). The total pore vol-
ume (V) was obtained considering the volume of Ny adsorbed at P/Py =
0.95, whilst the mesopore volume (Vpes0) from the difference between
Vt and the volume adsorbed at P/Py = 0.40 by application of Gurvich’s
rule (Gurvich, 1915). Quenched solid density functional theory (QSDFT)
method was applied to Ny and CO; isotherms to derive the pore size
distribution (PSD) of samples, assuming slit-shaped pores (Neimark
et al., 2009). In the absence of restriction, Wy (N3) yields the total
micropore volume while Wy (CO5) estimates the narrow microporosity
(micropores smaller than 0.7 nm) (Macia-Agullé et al., 2004).

The chemical nature of samples was analysed determining the sur-
face composition and acidity. X-ray photoelectron spectroscopy (XPS)
was carried out using a Kratos Axis Ultra-DLD spectrometer. As a radi-
ation source this instrument uses MgKa (hv = 1486.6 eV) and a hemi-
spherical electron analyzer operating at 12 kV and 10 mA. Survey and
multi-region spectra were recorded at Cls and O1s photoelectron peaks
and each spectral region was scanned several times to obtain good
signal-to-noise ratios. Prior to the analysis, the samples were evacuated
at high vacuum (less than 108 Torr). The point zero of charge (pHpzc)
of the materials was determined in degasified Milli-Q water suspensions
following the method described elsewhere (Leon y Leon et al., 1992).

2.3. Ethylene adsorption performance

Dynamic adsorption experiments were performed at room temper-
ature and atmospheric pressure using packed columns prepared in a
glass reactor with an internal diameter of 0.6 cm. Preliminary experi-
ments were conducted to optimize the column efficiency. For that,
variables such as the column length, the physical properties of the
backfill (particle size of ACs) and the fluid characteristics (total flow and
ethylene concentration) were studied. These combinations allowed to
analyse the intraparticle diffusion limitations and the influence of the
contact time (W(gacs)/F(gethylene h™). The experimental conditions
used for the optimization of the column are summarized in Table 2.

Dimensions of the columns vary between 5 and 10 cm of length and
with a total volume of 1.4 cm®. To study the influence of particle size,
physically ACs, M900 and Norit AC were milled, sieved and packed.
These samples presented a similar density in such a way that the AC
weight used for a column length of 10 cm was 0.5 g. However, chemi-
cally ACs or carbon black are obtained or purchased as fine powders and
used without pelletization. These samples also present a smaller density,
so because the volume of the column was fixed, the weight of adsorbent
used decreased accordingly.

The ethylene adsorptive performance was evaluated by obtaining the
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Table 2
Experimental conditions used to establish the correct performance of the
columns.

Optimization Experiment Particle Length  [ethylene]  Total
factor number size (cm) (mg LY flow
(pm) (em®
min~ 1)
Particle size 1 150-200 10 1000 50
2 <150 10 1000 50
Contact time 2 <150 10 1000 50
W/F 3 <150 10 1000 25
4 <150 10 500 50
5 <150 5 750 50
6 <150 5 250 50

corresponding breakthrough curves in continuous mode at atmospheric
pressure. Prior to the adsorptive experiments, the adsorbent columns
were pretreated at 100 °C for 1 h under N5 flow (50 cm?® min_l) to clean
the adsorbent surface before adsorption. Then, the N, flow was switched
to an ethylene/N; mixture with a fitted concentration. The flow rate and
concentration of ethylene in the mixture was fitted using electronic mass
flow meters and controllers from Bronkhorst. The outlet gas stream was
analysed by gas chromatography as a function of time in order to
determine the ethylene concentration, by using a Shimadzu GC 2010
Plus chromatograph equipped with a barrier discharge ionization de-
tector (BID) with 0.1 ppm detection limit, and a Rt-Q-BOND column (30
m, 0.53 mm ID, 20 pm).

The analysis of breakthrough curves was performed following the
mass transfer zone (MTZ) concept, as described elsewhere (Zogorski and
Faust, 1980). The breakthrough and saturation points are defined as the
moment when the VOC concentration at the column outlet reached
values of 2 and 90% of the initial VOC concentration, respectively. These
values can be expressed as times on stream (tg g2 and tg go) or as eluted
volumes (Vg g2 and Vg g0), obtaining the amount of ethylene adsorbed at
these points (Xo.02 and Xg.g9) taking into account the total flow and the
evolution of the ethylene concentration. The height of the mass transfer
zone (Hyrz) corresponds to the part of the column where adsorption is
taking place, i.e., between the saturated and fresh sections of the col-
umn, thus, showing a concentration gradient between 2 and 90% of the
initial concentration. The calculation of this parameter was carried out
by applying the following equations (Eq 1-2):

Voo — Voo )
Hyrz =h (€8}
Mz <Vo.02 + (Voo — Vo)
Vo.90
_ JVow (CO — C)dV (2)

" Co (Voso — Vooz)

where h is the height of the adsorption bed and ¢ is the fractional ca-
pacity of the bed which is related to the efficiency of the adsorption
process within the MTZ. The Hzry decreases as faster the adsorption
kinetics. Because of the adsorbent is progressively saturated, the Hyrz
moves forward along the column with a certain rate namely, Ryrz
(Cheremisinoff and Ellerbusch, 1978; Mahendra et al., 2015), deter-
mined by dividing Hyrz by the difference between breakthrough and
saturation times, Eq (3)

Rurz = Hurz / (to.so — too2) 3

After reaching saturation (X go), the possibility for regeneration and
reuse of the adsorbent was studied. Regeneration experiments were
conducted without disconnecting the saturated column from the
experimental setup, at room temperature, and only by replacing the
ethylene/N, mixture flow by a similar flow (25 cm® min™?) of pure ni-
trogen. The ethylene desorption processes were also monitored by gas
chromatography. Consecutive adsorption-desorption cycles were per-
formed without a loss in efficiency.
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3. Results and discussion
3.1. Synthesis

The procedure of synthesis used, nomenclature and yield of samples
prepared are summarized in Table 1. As commented, chemically ACs (i.
e., ACK-92 and ACK-98) were obtained using one step activation pro-
cedure, avoiding the previous carbonization of OS used for physical
activation. Higher activation (BO) degrees were obtained for both
chemically ACs even with the lower KOH proportion. In the case of
physically activated samples, the activation time was fitted to have
samples with similar BO values when activated on CO; or steam (i.e.
around 13 and 24%). The samples were prepared increasing the BO in
each case by increasing the treatment time. Evidently, with increasing
the activation degree decreased the AC yield. In the case of the carbon
aerogel (M900), only carbonization was performed to favour the mes-
oporosity regarding microporosity, the yield obtained in this case being
around 50.0%.

3.2. Physicochemical characterization

At a glance, it is observed that after carbonization and physical ac-
tivations, ACs obtained maintain their format as grain, although the
particle size is considerably reduced regarding the raw OS. However,
chemically ACs are always obtained as a fine powder, indicating the
stronger destruction of the OS structure. The morphology of ACO-14,
ACS-23 and ACK-92 was characterized by HRSEM (Fig. 1). It is note-
worthy that the adsorbent morphology is defined by the precursor and
the activation method used. The analysis of the HRSEM images confirms
a deeper destruction of the lignocellulosic structure after chemical
activation (Fig. 1d), compared to physical activation (Fig. 1a—c). In this
last case, a heterogeneous network of more defined channels and wide-
open cavities derived from the original cellulosic biomaterial is shown.

N> and CO; adsorption isotherms at — 196 °C and at 0 °C, respec-
tively, are collected in Fig. 2 and the parameters obtained from both
experiments are summarized in Table 3. PSDs of selected samples were
calculated applying QSDFT to the adsorption data and they are
comparatively shown in Figures S1 and S2 of the supplementary mate-
rial. In this table, pHpyc values are also included. In general, the Ny-
adsorption isotherms obtained for most ACs synthesized by physical
adsorption (Fig. 2a) show a profile associated to the type I in accordance
with IUPAC classification (Bansal et al., 1988), denoting the predomi-
nant microporous character of the samples. The activation in steam in-
duces a higher Ny-adsorption capacity (total pore volume) than CO,
activations, and the microporosity seems to be wider and more hetero-
geneous. This effect is even observed at low BO when the corresponding
PSDs are compared (Fig. S1a), but progressively differs with increasing
the activation degree (ACS-23) as denoted by a larger knee at low P/P,,.
In fact, with increasing the activation degree with CO5 (ACO-33) the
adsorption capacity at low P/Pg decreased but the slope of the isotherm
increased, also denoting the progressive opening of the microporosity
favouring the formation of mesopores. It is noteworthy that for chemical
activation samples (Fig. 2b) and mainly for ACK-98, the shape of the
isotherm significantly changes, and although tends to exhibit a type I
isotherm profile, the long and smooth increase in the amount adsorbed
observed in the corresponding isotherm at P/Py < 0.4 denotes a more
heterogeneous microporosity in all range, while the marked hysteresis
cycle also confirms the formation of mesopores. PSDs obtained for
chemically ACs, as depicted in Figure S1b, corroborated that the large
increase in the No-adsorption observed for ACK-98 (Fig. 2b) was due to a
marked development of mesopores with diameters ranging between 3
and 5 nm. The N isotherm corresponding to the aerogel M900 is also
included in Fig. 2b for comparison, but in this case the isotherm is type
IV in accordance with the expected predominant mesoporous character
of this sample (Bansal et al., 1988). The carbon aerogel M900 presents a
monomodal PSD around mesopores of 13.5 nm (Fig. Slc), which is a
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Fig. 1. HRSEM images of ACs: (a) ACO-14, (b, ¢c) ACS-23 and (d) ACK-92.

consequence of the typical 3D structure of RF gels based on the cross-
linking of homogeneous spherical nanoparticles (Morales-Torres et al.,
2010). Mesoporosity corresponds to the space between particles and
depends on the shrinkage along drying and carbonization procedures,
while microporosity is produced inside these nanoparticles by the
release of gases during carbonization. Regarding the commercial sam-
ples (Fig. 2¢), the AC from Norit and the Kynol fiber are mainly micro-
porous materials (type I isotherm), while the macro/mesoporous
character of carbon black BP2000 is denoted by the isotherm profile
with the progressive increase of Ny adsorbed volume at high relative
pressures (P/Py > 0.9). Thus, in this case, the corresponding PSD
(Fig. Slc) progressively increased with the pore diameter, mainly for
pores larger than 20 nm. This porosity is due to a more heterogeneous
interparticle space.

The micropore characterization is also complemented by CO»
adsorption experiments (Fig. 2d-f) because N, adsorption at — 196 °C
can present certain diffusion restriction to the interior of the narrowest
micropores (micropores with diameter <0.7 nm) (Leon y Leon et al.,
1992; Molina-Sabio et al., 1996; Vivo-Vilches et al., 2015). As previously
commented, the physical activation was carried out in two steps. The
carbonization of OS produces a char (labelled as C800) with a significant
BET surface area (Sggr = 447 m? g’l) but scarce microporosity (Wy =
0.19 cm® g’l). In general, ACs present Wy (N2) > Wy (CO>), denoting the
absence of diffusion restriction Ny adsorption into the microporosity,
except for the samples activated in CO; (Table 3). As commented, steam
activation produces a greater porosity development, the values of both
micropore volume (Wy) and mean micropore width (L) are larger than
after CO; activation. At comparable BO (~14 wt%), the PSD of narrow
micropores is monomodal after activation in CO, with pores of a
maximum diameter around 0.6 nm, while after steam activation led to a
bimodal PSD with a second maximum for pores with a dimeter of around
0.9 nm (Fig. S2a). This fact leads to that after CO, activation Spc (CO2)
> Sper (N2), which confirms the availability of this activating agent to
develop narrow micropores (Molina-Sabio et al., 1996). As consequence,

ACO-14 presents the smallest micropores (Lp = 0.57 nm) while this
parameter for ACS-13 is 0.8 nm. Along the series, Ly progressively in-
creases with the activation degree, but for CO, activation even at 33% of
BO the microporosity is still narrower than for the ACS-13 sample
(Table 3) and still Sp;c (CO32) > Sggr, denoting that the Ny adsorption is
partially restricted by diffusion inside these narrow pores.

As commented, the largest levels of destruction of the structure and
development of porosity are observed after chemical activation (Fig. 1d
and 1Sb). The largest total porosity (Vp = 0.99 cm® g™1) or BET surface
area (Sgpr = 1611 m> g’l) were obtained after chemical activation with
a ratio OS:KOH of 1:4 (ACK-98 sample). In this case, the microporosity
accessible to Ny was strongly widened Ly = 1.75 nm, forming large
micropores, which together a large volume of small mesopores (Table 3
and Fig. S1b) provokes a large contribution of non-microporous surface
as denoted by the large difference between the Spgr and Spj. values.
However, ACK-92 and ACK-98 present a similar PSD of narrow micro-
pores (Fig. S2b), denoting that the strong activation process with KOH
progressively opens the porosity from the external surface of the OS
particle to the interior, thus generating preferentially large pores
regarding the smallest ones.

All the commercial samples present similar Sggr values around 1300
m? g™, however, as commented, they present different micropore pore
size and volume (Table 3). In the case of both, Norit and BP2000 sam-
ples, Wy (N3) > Wy (COy), clearly showing the absence of diffusion re-
strictions. In the case of Kynol fabrics, smaller Ly (N3) value is observed,
but Wy (N3) &~ Wy (COy), indicating a similar accessibility of both ad-
sorbates and a greater homogeneity of the microporosity. In Figure S2c,
the PSDs of typical mesoporous samples, i.e., BP2000 and M900, are
compared. The profile observed for the BP2000 sample is also bimodal
and quite similar to those obtained for ACS or ACK samples, and thus,
their mean micropore width (Lg) is around 0.75 nm (Table 3), in these
cases being larger than for the M900 and ACO samples.

The chemical surface properties of some representative samples were
analysed by XPS to quantify the nature and concentration of oxygenated
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Fig. 2. N, adsorption-desorption isotherms (P/P is the relative pressure between the equilibrium pressure and the saturation vapor pressure of N5) (a, b, ¢); and CO,
adsorption isotherms (d, e, f) for the prepared materials (a, b, d, ) and commercial carbons (c, f).

Table 3

Textural properties and pHpyc of the adsorbents.

Sample N, adsorption CO,, adsorption
Sper (m” g ") Wo (em® g™1) Lo (nm) Vineso (em® g71) Vr (em® g7 Wo (em® g™1) Lo (nm) Smic (m* g™ PHpzc

Norit 1203 0.51 1.68 0.10 0.61 0.30 0.71 831 10.2
Kynol fabrics 1322 0.54 1.20 0.03 0.57 0.45 0.77 1169 8.0
BP2000 1342 0.56 1.67 0.54 1.20 0.29 0.79 738 7.9
ACK-92 1117 0.47 1.56 0.07 0.55 0.34 0.71 960 7.5
ACK-98 1611 0.66 1.75 0.33 0.99 0.33 0.81 828 6.1
ACS-13 1253 0.51 1.14 0.04 0.55 0.43 0.75 1157 8.8
ACS-23 1328 0.55 1.23 0.04 0.58 0.47 0.75 1267 6.7
ACO-14 745 0.27 1.07 0.06 0.39 0.29 0.57 972 10.1
ACO-24 792 0.32 1.10 0.06 0.41 0.33 0.64 1027 9.9
ACO-33 700 0.28 1.14 0.10 0.44 0.29 0.69 841 9.8
M900 702 0.29 1.44 0.90 1.26 0.24 0.61 787 8.2

Sper= BET surface area; Wy = micropore volume; Ly = mean micropore width; Sy, = microporous surface area; Vieso = mesoporous volume; Vr = total pore volume.

surface groups (OSGs) formed during the different activation processes,
which also determine the acid/basic character (pHpzc values, Table 3) of
the samples. The assignation of each component in the Cls and Ols
spectral regions was carried out according to the literature (Figueiredo
et al., 1999; Moreno-Castilla et al., 2003; Pastrana-Martinez et al.,
2014). The C1s spectral region of the samples shows the presence of four
components located at ~284.6, ~286.4, ~287.8 and ~ 289.8 eV
assigned to aromatic/aliphatic C=C/C-C bonds, C-O (phenols, ether),
C=0 (carbonyl, quinone) and O-C=0 bonds (carboxylic acid,

anhydrides), respectively (results not shown) (Pastrana-Martinez et al.,
2014). The O1s spectral region of the samples was deconvoluted into
two components placed at ~531.7 eV and ~533.3 eV, which were
assigned to C=0 and C-O functionalities, respectively (Figueiredo et al.,
1999; Moreno-Castilla et al., 2003; Pastrana-Martinez et al., 2014).
Fig. 3a—d shows the deconvoluted high resolution XPS spectra of Ols
region for the ACO-14, ACS-13, ACS-23 and ACK-98 samples, respec-
tively. The binding energies, the corresponding peak areas, and the
oxygen content (Oxps %) are summarized in Table 4.
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Fig. 3. Ols XPS spectral region of the different adsorbents.

Table 4
Elemental analysis of the prepared adsorbents determined by XPS (atomic content %) and distribution of carbon and oxygen species (binding energies in brackets, eV).
Sample Oxps (%) Cls (%) O1s (%)
C-C (284.6) C-0 (~286.4) C=0 (~287.8) 0-C=0 (~289.8) C=0 (~531.7) C-0 (~533.3)
Norit 5.4 43 41 10 6 57 43
ACK-98 8.7 43 39 11 7 38 62
ACS-13 5.5 45 38 11 6 48 52
ACs-23 7.1 45 37 11 7 44 56
ACO-14 5.8 49 36 10 5 50 50

The acid/basic character of the samples is related with their oxygen
content and the nature of the OSGs present. The acidity (pHpzc, Table 3)
increases as Oxps increases, both parameters being favoured with the
activation degree. The C-O bonds (peak at 533.3 V) is associated with
the presence of acid groups, namely carboxylic groups. Thus, the most
acidic sample corresponds to the one obtained by chemical activation
under severe conditions, showing a higher oxygen content and a larger
C-O proportion. A similar tendency is observed in samples activated on
steam, when the activation degree increases, the pHpyc decreases by the
increase of Oxps and C-O ratio. Comparing with the activation in COj,
the oxygen content is comparable at similar activation degree, but the
OSG distribution changes, CO5 favouring the formation of more basic
groups (ketones), thus inducing larger pHpyc values. The commercial
sample from Norit used as reference shows similar characteristics than
ACO-14, the basic character associated to a low oxygen content with a
high ratio of C=0/C-O groups.

3.3. Ethylene adsorption performance

As outlined in the experimental section (Table 2), preliminary ex-
periments were carried out to analyse different variables influencing on
the column performance. After selecting the reactor shape and di-
mensions, the main consideration was to optimize the conditions for
both the adsorbent and adsorbate. Since physically ACs maintained the
format in grain after activation, while those chemically activated were
obtained as fine powder, the ACS-23 sample was selected for optimizing

the conditions. To analyse the influence of the particle size of ACs on the
column performance (experiments 1 and 2) this sample was milled and
sieved into two fractions: i) between 150 and 200 pm (used in experi-
ment 1), and ii) below 150 pm (used in the subsequent experiments, as
explained in the results below). Columns were filled up to obtain a fixed
bed of 10 cm, resulting in an approximate adsorbent amount of 0.50 g,
which was clearly lower for low-density CB2000 or ACK samples. The
exact weight of adsorbent in each column was ultimately used to
determine the adsorption capacity. Breakthrough curves obtained from
column adsorption experiment with different particle size are depicted
in Fig. 4a. When decreasing the particle size, the breakthrough curves
are shifted to longer breakthrough and saturation times. The results
(Table 5) show that the amount of treated gas or adsorbed ethylene
increases (as Vg.g2 or Xo.02; Vo.90 or Xg.90) and that both Hyrz and Ryrz
values decreases, thus increasing at the same time the efficiency and
durability of the column for ACS-23 < 150 pm in comparison with ACS-
23 150-200 pm. Results pointed out the diffusion restriction inside the
AC’s particles and the faster movement of the ethylene front using large
granulated ACs. Thus, the rest of experiments were carried out fixing the
particle size below 150 pm. Martinez Romero et al. (2007) also indicated
the best performance of granular ACs for the ethylene adsorption
regarding powdered carbons or carbon fibers even under static
conditions.

The influence of operating conditions on the column adsorption ex-
periments were also evaluated by varying the length of the column be-
tween 5 and 10 cm (experiments 5 and 6), the total flow between 25
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Fig. 4. Breakthrough curves of ethylene on ACS-23 at 25 °C according the conditions indicated in Table 2 a) Influence of the particle size (<) experiment 1 (red
curve), (o) experiment 2 (pink).; b) Influence of the contact time and bed depth: ([J) experiment 6 (purple); (A): experiment 5 (blue); (o): experiment 2 (pink); (o):

experiment 4 (green); (m) experiment 3 (orange curve).

Table 5

Adsorption capacity at breakthrough and saturation points of the ACS23 sample
at different experimental conditions, as stated in Table 2, and information about
the movement of the ethylene front inside the columns (Hyrz and Ryrz values).

Experiment Vooz  Voso  Xo.o2 Xo.90 Hwrz  Rwurz
number (¢9)] ()] (pmol (pmol (cm) (cm
g g h™h)
1 0.6 1.5 55 77 2.7 8.9
2 1.8 3.0 147 177 1.8 4.4
3 1.7 2.1 134 151 1.2 4.1
4 2.4 3.9 98 128 1.3 4.5
5 0.6 1.5 80 117 1.4 4.7
6 0.6 1.4 27 32 1.1 5.6

(experiment 3) - 50 cm®min~! and the ethylene concentrations between
250 and 1000 ppm (experiments 2-6), the obtained breakthrough
curves in Fig. 4b. When columns of 10 cm length are used, the curves are
shifted to higher breakthrough times halving the ethylene concentration
(until 500 ppm) or the total flow (until 25 cm® min ™). Although the
contact time doubles in both cases, which should benefit the contact
adsorbate/adsorbent, these variations do not affect the amount of
ethylene retained. Decreasing the total flow but maintaining the
ethylene concentration the curve shifted to longer times, but the volume
of gas treated at the breakthrough point (Vg 2) as well the amount
adsorbed (X, o2) are maintained, Hyrz and Ryrz decreased, denoting the
slower advance of a shorter front along the column, but this fact does not
improve the performance of the column up to saturation, on the con-
trary, Vo.gp and Xg g are similar or even slowly decreased. The ethylene
adsorption at breakthrough or saturation points (X o2 and Xg.g) strongly
decreased when the ethylene concentration in the flow is halved,
denoting that the smallest gradient of ethylene concentration hinders
the diffusion inside the pores, decreasing the efficiency of the column.
Even under static conditions (equilibrium adsorption), when the
adsorption isotherms are determined, the amount of ethylene adsorbed
progressively increased as the equilibrium concentration at each partial
pressure (P/Pg) progressively filling different porosity ranges (Wang
et al., 2021). The increasing uptake with increasing the adsorbate con-
centration in dynamic conditions has been observed previously in
different systems (Mahendra et al., 2015). When columns of 5 cm length
are used, there is not influence of the ethylene concentration on the
breakthrough or saturation times, the profile of the breakthrough curves
is very similar (Fig. 4b) because columns are too short regarding the
Rurz. Thus, because the volume treated is similar in both cases, Xg g2 and

Xo.9 decreased proportionally (1/3) when the concentration decreases
from 750 to 250 ppm (Table 5).

Taking into account these results, the comparison between the
different adsorbents was carried out using columns at the same bed
depth (i.e., 10 cm) with a powder with particle size <150 pm, using a
total flow of 50 cm® min~! and the ethylene concentration fixed in 1000
ppm. Breakthrough curves obtained with chemically ACs, physically
ACs and commercial samples are shown in Fig. 5a, b and c, respectively.
Because of the high development of porosity observed for ACK-98, the
performance of the mesoporous carbon aerogel was also included in
Fig. 5b, in order to discuss the role of this porosity range. Results of
ethylene adsorption are summarized in Table 5. The main difference
between physical and chemical ACs when used to prepare the columns is
the large difference in density, so the adsorbent weight using physically
ACs was around 10 times greater than when using ACK-98 (Table 5). The
carbon aerogel showed an average density value between both physical
and chemical ACs.

It can be expected that the most porous sample (i.e. ACK-98) will
present the best performance in ethylene adsorption. However, this
sample showed the worst performance for the adsorption of ethylene in
comparison with the other ACs (Fig. 5a and Table 5). This fact could be
associated with the low volumetric density of their adsorption columns
which provokes that, in spite that X g2 and Xg 9 values can be compa-
rable with the rest of samples (because they are expressed in a weight
basis), the gas flow could pass easily through the carbon particles and
ethylene might be quickly detected in the exhaust gas, leading to a
scarce durability of the column.

In fact, the performance of chemically ACs improves when the
treatment was carried out in softer conditions. The ACK-92 density is
higher as consequence of a minor development of the total porosity (Vr,
Table 3), allowing a significant weight of adsorbent inside the column,
increasing the breakthrough time and the interactions with the ethylene
(lower Hyz and Ryz values, (Table 6). When the performance of
chemically ACs and carbon aerogel (M900) is compared (Fig. 5a), the
results show a similar profile of the breakthrough curves obtained for
ACK-92 and M900. Nevertheless, because of the higher volumetric
density of the M900 column, the amount of ethylene adsorbed, Xg o2 and
Xo.90, is lower than for ACK-92. It is noteworthy that M900 presents the
largest porosity of the tested series, showing a Vr even greater than ACK-
98. Even so, M900 is eminently a mesoporous material, and despite the
mesopores contributing less to ethylene adsorption compared to mi-
cropores, their effect is not negligible. In fact, the M900 column shows
better performance and durability than most of the microporous samples
tested, including the commercial ones. Thus, the activation of carbon
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Fig. 5. Breakthrough ethylene adsorption curves on a) chemically ACs; b)
physically ACs; and ¢) commercial carbons at 25 °C. Co = 1000 mg L™}, total
flow 50 cm® min~! and bed depth 10 cm.

gels to produce hierarchical porosity with large meso/micropore vol-
umes seems to be an appropriate route to prepare adsorbents for
ethylene removal.

In general, the efficiency of the columns significantly improves when
physically ACs are used (Fig. 5b), the best performance is observed for
CO»-activated samples. The influence of the activating agent (steam or
CO») is clearly pointed out when comparing samples with similar acti-
vation degree (i.e. ACS-13 and ACO-14) where larger breakthrough
times are observed for the samples activated in CO, regarding those
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Table 6
Comparison between synthesized ACs and commercial samples in the ethylene
adsorption. Co = 1000 mg L}, total flow 50 cm® min~! and bed depth 10 cm.

Adsorbents Weight  Voo2  Vooo  Xo.oz Xo.90 Humrz  Rurz
@ (L) L) (pmol (pmol (cm)  (cm

gh gh hh
ACS-13 0.50 1.8 2.4 136 142 0.9 4.5
ACS-23 0.50 1.8 3.0 147 177 1.8 4.4
ACO-14 0.50 2.4 3.0 181 185 1.1 5.3
ACO-24 0.50 2.4 4.2 166 185 1.0 1.6
ACO-33 0.50 2.1 3.9 146 166 1.4 1.7
ACK-98 0.05 0.3 0.9 116 140 5.9 29.3
ACK-92 0.31 1.2 1.8 158 180 2.8 14.1
M900 0.42 1.2 1.8 117 123 1.1 5.7
BP2000 0.09 0.3 0.6 136 141 2.6 25.9
Kynol 0.20 0.6 1.2 122 123 1.2 6.2

fabrics

Norit 0.54 1.5 1.8 114 115 0.9 8.8

activated on steam. When analysing the influence of the activation de-
gree, it is observed that the adsorption performance of the samples ob-
tained in steam improves with increasing activation (ACS-13 and ACS-
23), but on the contrary, for samples activated in CO, the adsorption
performance does not improve, and even worse, with the progressive
increase in the degree of activation (Fig. 5a-Table 6). Finally, the results
obtained with commercial samples (Fig. 5¢) confirm some of the con-
clusions previously detected. The worst performance was observed for
the carbon black BP2000 in spite of showing a high porosity and surface
area (Vr, Spgr in Table 3). The use of this sample presents similar
drawbacks than ACK-98, i.e., it is a very fine powder with a very low
density leading to a poorly packed bed. The microporosity of kynol
fabrics is quite homogeneous, without diffusional restrictions (Spic ~
Sper) and is directly accessible along the fiber axis. This sample exhibits
an intermediate performance between carbon black BP2000 and gran-
ulated Norit ACs. The surface values and PSD detected (results not
shown) for Norit and ACS-13 are quite similar, leading to small differ-
ences in the ethylene adsorption. Results became progressively
improved from fine powder < fibers (Kynol fabrics) < granulated ACs, in
agreement with those results described previously for our ACs from
biomass which in general improve those results of commercial samples.

The adsorptive character described seems to be related with the
physicochemical properties of the samples. Regarding the influence of
the PSD, the performance described for mesoporous samples (BP2000,
ACK-98 and even M900) seems to indicate that in spite of mesopores
facilitates the diffusion processes, their influence on the ethylene
adsorptive performance is quite limited, adsorption being more related
with the evolution of the microporosity. In Fig. 6, some of the correla-
tions observed between the parameters obtained for the dynamic
ethylene adsorption and the microporous characteristics are depicted.
Fig. 6a shows that the adsorption capacity (X go) increased linearly with
increasing the microporous surface (Spic (CO2)), but this occurs only in a
certain range. However, no specific trend was observed for the surface
area determined by Ny adsorption (Sggr). The samples that deviate from
this linearity are those obtained in steam, which perform worse than
others with a lower surface area indicating the influence of additional
parameters. According to Dubinin-Stoeckli equation (Bansal et al.,
1988), Smic increases developing Wy and decreases with increasing Ly.
The influence of the mean micropore size (Lg) on the performance of the
columns is clearly observed in Fig. 6b, ¢ and d. The breaking point
(Vo.02) linearly decreases, and consequently both Hyrz or Ryz increase
as Ly increases. These correlations confirm that the ethylene adsorption
is mainly controlled texturally by the micropore width, being favoured
on narrow micropores determined by COz-adsorption. This fact explains
the best ethylene adsorption performance observed for COq-activated
samples due to the development of narrower micropores (Lo) regarding
the activation with steam (Table 3). When analysing the influence of
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increasing the activation degree from 13 to 23%, in the case of ACs
obtained in steam, new micropores are created, thus increasing the
micropore volume Wy (CO3) without enlarging the microporosity, Lo
(COy) is maintained (Table 3). As consequence, Sy (CO2) increased also
improving in this sense the ethylene adsorption (X g2 and Xg g0). On the
contrary, with the progressive COq-activation, Ly (CO3) progressively
increased (Table 3). At intermediate activation degrees (24% BO) both
Wy and Ly increases, leading to a compensation of effects on the ethylene
adsorption capacity. Increasing the activation up to 33 wt% (ACO-33)
the micropore widening led to a decrease of the microporous surface,
Smic (CO2), favouring Spgr, which triggers to the worst ethylene
adsorption performance.

All these results demonstrated that from a textural point of view the
control of the narrowest microporosity is the key parameter to control
the ethylene adsorption. According to previous works, the ethylene ki-
netic diameter is 0.416 nm (Bao et al., 2018; Saha et al., 2020) so narrow
micropores enhanced the interactions with the ethylene in the flow, and
both the Hyrz and Ryrz decreased improving the column performance
(Fig. 6¢ and d).

These interactions are also influenced by the surface chemistry of
ACs. OSGs are the most common functionalities in carbon materials,
especially those prepared from lignocellulosic materials. The yield and
properties of the chars depend on the balance of hemicellulose, cellulose
and lignin in the precursor (Cagnon et al., 2009). When the OSG content
increases, the polarity and hydrophilicity of the carbon surface increase.
OSGs can be introduced in the carbon surface by oxidation treatments
and progressively removed, according to their thermal stability, to fit
their oxygen content and nature, and consequently, fitting the in-
teractions with polar or non-polar VOCs. The adsorption of non-polar

10

VOCs can be enhanced by using reductive carbonization processes
(Wang et al., 2021). These processes are carried out in Hy flow and can
be assisted by Ni-nanoparticles to favour the carbon surface reduction.
This treatment removes around 99.5% of the oxygen present in the
cotton fiber precursors, increasing the aromaticity and hydrophobicity
of the chemical structure. In addition, it strongly improves the benzene
adsorption by the developed n-n interactions, but the adsorption ca-
pacity of CH4 or CoHy also enhanced with decreasing the oxygen con-
tent. The CoH4 adsorption capacity increased from around 1.2 to 1.3 and
1.4 mmol g’1 when fibers were carbonized in N,, reductive Hy or
Ni-assisted Hy carbonization, respectively. The introduction of
nitrogen-containing functional groups into carbon materials is also used
to modify the surface properties of the carbons used as a support in
developing specific catalysts. Dai et al. (2019) prepared graphene/TiO5
(GR/TiO) and N-doped graphene/TiOy (NGR/TiO3) composites as ad-
sorbents and/or photocatalysts for the removal of both acetaldehyde
and ethylene. The results showed that N-doping favours the photo-
degradation of polar acetaldehyde, although an opposite effect was
observed for the ethylene removal, which is related with the different
interactions (adsorption) of both target molecules with the catalyst
surfaces. We can conclude that increasing the functionalization of the
carbon surface with heteroatoms possesses a negative effect on the
interaction (adsorption) of non-polar ethylene molecules. In our case, it
was detected a higher oxygen content when the activation degree in-
creases, as well as the progressive acidification of the surface (see pHpyzc
values in Table 3), with C-O bonds being favoured after chemical acti-
vation or physical activation on steam (determined by XPS).

The regeneration of saturated columns was also analysed, consecu-
tive adsorption/desorption cycles were performed. All the columns were
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easily regenerated; ethylene desorption was performed at room tem-
perature only by changing the ethylene/N, flow by a similar pure ni-
trogen flow (25 cm® min™1). Fig. 7 shows the consecutive adsorption
cycles for the ACS-13 sample. Initially, the concentration of ethylene
swept away for the regenerating Ny flow is even higher than those used
during the adsorption process, suggesting a weak physisorption, then
progressively decreases until zero. Consecutive runs showed similar
profiles denoting the reversibility of the adsorption processes. The
integration of the adsorption/desorption curves allows the estimation of
the amount of ethylene adsorbed at saturation point, Xo.90 = 124 pmol
g~ while the desorbed amount was 127 pmol g~!, confirming the
reversibility (and reproducibility) of the process even at room temper-
ature. Some experiments of regeneration were carried out using heating
(100 °C) and/or vacuum (rotatory pump) treatments to favour a very
fast regeneration (in a few minutes) but taking into account the
behaviour described at room temperature, the adsorbents could be used
and directly regenerated using a simple swing adsorption system with
columns being adsorbing/desorbing in parallel. Our experiments
corroborate the reusability of materials.

To the best of our knowledge, although several studies in the liter-
ature reporting the ethylene adsorption, references where carbon ma-
terials are used as filters for continuous ethylene adsorption is still
limited. In general, the ethylene adsorption behaviour is studied under
equilibrium conditions, determining the corresponding adsorption iso-
therms under static conditions. Mukti et al. (2018) showed that the
ethylene adsorption on mesoporous ACs from waste Mangosteen rinds
reached a value of 1792 pmol g~ using an adsorbent with a surface area
of 1080 m? g~ Liang et al. (2017) prepared ACs from asphalt with a
surface area of 3111 m? g~ ! and a pore volume of 1.92 cm® g~ !, although
this sample adsorbed preferentially CoHg, the CoH4 update at P/Py = 1
was also high, leading a value between 5600 and 5900 pmol g ! with an
adsorption energy of 32.28 kJ mol~!. Wang et al. reported the synthesis
of ACs from lignosulfonate, (Wang et al., 2020) which is a by-product of
the sulphite pulping process. ACs with increasing surface area were
obtained by increasing the synthesis temperature up to 800 °C, leading
to a maximum ethylene adsorption of 218 pmol g~ at P/Py = 1. The
ethylene update increased with the micropore volume by physisorption,
which led to stable regeneration cycles. Miyajima et al. (2011) reported
that the uptake amount of ethylene can be predicted from the micropore
surface area calculated from CO; adsorption, which is in agreement with
the influence of the narrowest porosity, as previously described in the
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Fig. 7. Consecutive ethylene adsorption cycles for the ACS-13 sample.
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present work.

However, the ethylene adsorption capacity can be enhanced with
specific functionalization. Lim et al. (2020) prepared carbon aerogels
functionalized with ACs and diethylenetriamine from pineapple leaf fi-
bers that exhibit excellent ethylene adsorption capability, with a
maximum adsorption of 1080 pmol g ! at atmospheric pressure. On the
other hand, doping with metallic phases was also used to increase the
ethylene update. Cisneros et al. reported doping zeolite materials with
Ag" species as the responsible active sites for ethylene adsorption, while
selectivity is determined by the 7 - z complexation (Cisneros et al.,
2019). The same strategy was used for carbon nanomaterials, but in this
case a sulphurization of the carbon surface was needed to stabilize the
charged Ag-species (Saha et al., 2020). The equilibrium uptake of
ethylene on this adsorbent was about 3400 pmol g~!, resulting an
adsorption capacity higher than those obtained with almost all
zeolite-based materials. Carbon was also doped with Cu(I) (Saha et al.,
2021) or Pd(0) species (Tepamatr, 2023) which also present the
complexation capacity with ethylene, thus increasing the adsorption
capacity. Mesoporous RF-carbon gels doped with Cu (I) species showed a
total ethylene update close to 2000 pmol g7, even higher than
Cu-MOFs, such as Cul@UiO-66-COOH and Cul@UiO-66-(COOH),
(Zhang et al., 2020). It is necessary to mention, that in spite the 7 -
complexation of metallic nanoparticles with the ethylene is a reversible
process, the strength of this interaction is greater than if only phys-
isorption occurs, thus consuming also greater amount of energy during
the regeneration of spent adsorbents limiting the sustainability of the
process.

In spite of the difficulty to establish an adequate comparison due to
the lack of results in literature obtained under similar experimental
conditions, we can determine that the adsorption capacity for the
different series of ethylene adsorbents previously shown by extrapo-
lating the published isotherms at a concentration of 1000 ppm, even if
these data should be higher because they are obtained in static (equi-
librium). The adsorption capacity obtained with ACs from OS ranges
from 150 to 180 pmol g~! at room temperature, with a maximum con-
centration of ethylene of 1000 ppm (0.1%) in a flow system. These
values are superior to those calculated for the best un-doped carbon
material reported in literature (Liang et al., 2017) or even in the range of
those observed for Cu-doped aerogels (Saha et al., 2021). Overall, it can
be concluded that adsorbents prepared in this work are quite competi-
tive for ethylene adsorption under dynamic conditions, showing an
appropriate adsorption performance and a perfect regeneration even at
room temperature.

4. Conclusions

ACs were prepared using an abundant residue from the agro-food
industry such as olive stones. Three activation procedures were
applied, i.e., chemical activation with KOH and physical activation with
steam or CO», by tailoring the experimental conditions in order to obtain
ACs with different activation degree and with a wide range of physico-
chemical characteristics. Granular ACs were obtained after physical
activation, while chemical activation reduced the particle size down to a
fine powder due to an extensive activation degree, which triggers
simultaneously a deep porous development and the generation of acid
OSGs. Steam activation produced also a greater development and
opening of porosity than CO; at similar activation degree. The formation
of narrow micropores is favoured on CO5 stream. Steam activation also
induces higher oxygen contents than CO3 and a more acidic OSG dis-
tribution. The increase of the activation degree leads to the widening of
micropores and the progressive acidification of the surface.

These adsorbents were tested as filters (fixed beds) for the removal of
ethylene under dynamic conditions. The stronger difficulties for a cor-
rect performance of the column were detected using samples in powder
with very low density (chemically ACs or carbon blacks) in spite of their
developed porosity; granulated ACs (physically ACs and that from Norit)
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offered the best solution and carbon fibers (Kynol fabrics) an interme-
diate behaviour. Nevertheless, the influence of diffusion process
strongly influences the performance of granulated ACs, decreasing the
efficiency with increasing the adsorbent particle size or decreasing the
concentration of ethylene in the flow. These parameters led to higher
Humrz and Ryry, i.e., a faster displacement of ethylene through the col-
umn. The amount of ethylene retained also depends on the porosity and
surface chemistry of the samples, interactions with the AC surface are
stronger in samples with narrow porosity and scarce oxygen function-
alization. Even in these cases, the ethylene adsorption is weak (only
physisorption occurs), the ethylene desorption processes take place even
at room temperature, reaching the complete regeneration and allowing
the reuse of the columns. With increasing the activation degree, the
progressive widening of micropore and the increasing content of OSGs
reduced the efficiency of the columns. Granulated adsorbents obtained
by CO; activation with moderate activation degree showed the best
performance, associated to a developed but narrow microporosity
together a scarce development of OSGs. These results clearly surpass
those obtained with commercial samples of different morphology and
nature (carbon black, fibers or ACs) and suggest the potential suitability
of these materials for use use as filters in ethylene adsorption of
climacteric fruit preservation.
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