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The dynamic ethylene adsorption on carbon xerogels as a three-way game 
between porosity, surface chemistry and humidity
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A B S T R A C T

Novel carbon xerogels doped with heteroatoms (O, N, S) were prepared by sol–gel polymerization of resorcinol 
with heterocyclic aldehydes containing them. All doped materials presented higher O-contents than the reference 
material prepared with formaldehyde, and significant S- or N-loadings in the corresponding samples. Carbon 
xerogels were micro-mesoporous and N-doping favoured the formation of mesopores. Their efficiency in the 
dynamic ethylene adsorption is presented as an interplay between porosity, surface chemistry and humidity. The 
surface hydrophilicity was also studied by water adsorption assays, a quick adsorption being favoured in 
microporous samples with hydrophilic O-groups. Breakthrough curves for ethylene adsorption were recorded in 
both dry and humid conditions and analysed according to the mass transference zone (MTZ). The material 
behaviour was correlated with the physicochemical properties, elucitating the mechanism of the simultaneous 
water/ethylene adsorption. The adsorption capacity depended linearly on the microporous characteristics of 
samples; however, MTZ parameters (efficiency of the column) varied linearly with the electronegativity of the 
dopant element. Both doping and humidity in the stream hindered the ethylene adsorption kinetic and capacity 
(up to 33% for N-doped material under humidity compared to undoped-material under dry conditions), due to 
reduced adsorbate-adsorbent interactions and the accessibility into narrow pores.
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1. Introduction

In order to make fruit and vegetables available outside harvesting 
season, it is necessary to handle and preserve them properly. Among 
them, the management of the so-called climacteric products (e.g., ap-
ples, pears, kiwis, avocados, tomatoes, etc.) should be carefully 
controlled because the maturation of the fruits continues once har-
vested, in contrast to non-climacteric products [1]. This process is car-
ried out with the natural release of ethylene (C2H4), among other gases, 
from the stored fruits. Ethylene plays an important role as a hormone for 
ripening, stimulating the respiration and the transformation of some 
organic compounds (sugars), responsible for changes in colour and 
flavour. Even at very low concentrations (0.1 µL/L), ethylene may cause 
overripe, quick deterioration and senescence, shortening the products’ 
shelf lives and consequently, leading to huge economic losses for the 
agricultural sector [2,3].

For this reason, it is critical to control transportation and storage 
conditions. Reducing temperature and limiting oxygen availability are 
traditional measures taken to slow down the ripening process. Thus, 
storage and transportation are carried out in cold chambers under 
controlled atmospheres (low or ultralow oxygen content, high humidity 
and CO2 levels) to preserve fruit quality. On the other hand, ethylene 
concentration should be kept as low as possible using different ap-
proaches. The first option is the use of chemical inhibitors which block 
the production centres (i.e., 1-methylcyclopropene – 1-MCP), or avoid 
the ethylene release by coating fruits with waxes [4]. Alternatively, the 
ethylene formed may be removed or transformed into inactive mole-
cules. New packaging systems have been developed for this purpose, 
such as permeable bags filled with adsorbents or strong oxidants that are 
included in the packaging. In particular, potassium permanganate 
(KMnO4) was used as ethylene scavenger, to oxidize it to CO2 and H2O to 
a certain extent [5]. Ozone was also proposed as alternative oxidant [3]. 
However, both chemical methods have drawbacks associated to the 
limited efficiency for ethylene removal and the toxicity of the com-
pounds used, which could entail some risks for food safety. Therefore, 
the development of novel, non-hazardous and sustainable alternatives 
for ethylene removal is of great interest for the agro-food industry. The 
ethylene removal by specific adsorbents is currently emerging as one of 
the most promising and economically competitive technologies [6,7]. 
Some of the materials commonly used include zeolites, silica, clays or 
carbon materials [6]. However, some studies revealed that carbon-based 
materials possess a higher structural and chemical stability, lower cost 
and better hydrophobicity than the rest of adsorbents, which has turned 
them into convenient ethylene adsorbent materials [8–10].

The adsorptive capacity of carbon materials depends on the combi-
nation of factors, such as textural properties and surface chemistry, so 
the ideal scenario would be to develop materials with tuneable physi-
cochemical properties. Carbon xerogels have emerged as perfect can-
didates for this purpose, because both aspects can be controlled by 
fitting the synthesis process [11]. The synthesis of these materials was 
developed by Pekala et al. in the early 1990 s [12] and it is a two-step 
reaction method involving the hydrolysis and condensation of the pre-
cursors. The first works in this line were based on the aqueous (W) 
polymerization of resorcinol (R) and formaldehyde (F) catalysed (C) by 
weak bases (Na2CO3), highlighting that many variables must be care-
fully adjusted, as they greatly affect the properties of the final material. 
The wide range of variables, such as the resorcinol/formaldehyde ratio, 
pH of the solution, drying process or temperature and duration of the 
carbonization step, while increasing the difficulty of reproducing the 
samples, should be considered as a powerful tool to adjust the properties 
of the synthesized material to the specific requirements of an applica-
tion. On this premise, the synthesis method has been extensively 
modified to adjust the porosity, surface chemistry, mechanical proper-
ties or micro- or macro-structure of carbon gels [13]. One of the ap-
proaches to adjust the chemical surface of the xerogels is based on the 
use of different cross-linker monomers, such as melamine [14], phenol 

[15], furfural [16], phloroglucinol [17], etc., achieving carbon materials 
doped with different heteroatoms in their structure. The introduction of 
these heteroatoms generates new functional groups and active centres 
with different electronegativity on the supports, thus modifying surface 
affinity of the carbon material for specific adsorbates [18–21], such as 
methane [13], toluene [22], acetone [22,23], or ethylene [24], as VOC 
examples.

Based on the commented versatility of the sol–gel procedure to tailor 
the characteristics of carbon gels, we synthesized carbon gels doped with 
different heteroatoms (i.e., O, S and N) using heterocyclic aldehydes 
containing these elements as carbon precursors. These novel carbon 
xerogels with a tailored microsphere structure and specific composition 
were synthesized to elucidate the role of porosity and surface chemistry 
when developing efficient and selective ethylene adsorbents. The 
physicochemical properties, including hydrophobicity, were analysed 
using complementary characterization techniques and related to the 
performance of the samples in the elimination of ethylene from gaseous 
streams by adsorption under different conditions (mainly, in the pres-
ence or absence of humidity). To the best of our knowledge, this is the 
first study extensively dealing with the influence of the chemical surface 
and porosity of carbon xerogels and the presence of moisture on the 
stream, on ethylene removal by adsorption in dynamic conditions.

2. Materials and methods

2.1. Chemicals

N-heptane (C7H16, 99.8 %, VWR Chemicals), Span® 80 (C26H50O7, 
>60 %, Sigma Aldrich), methanol (CH3OH, >99.9 %, VWR Chemicals), 
resorcinol (C6H6O2, 99 %, Alfa Aesar), formaldehyde (CH2O, 37 %, 
Sigma Aldrich), thiophene-2-carboxaldehyde (C5H4OS, 98 %, Thermo 
Scientific), pyrrole-2-carboxaldehyde (C5H5NO, 98 %, Apollo Scienti-
fic), furfural (C5H4O2, 98 %, Merck), hydrochloric acid (HCl, 37 %, 
Labkem), acetone (C3H6O, >99 %, VWR Chemicals) and C2H4/He cyl-
inder (1000 ppmv or 0.1 % C2H4 in He, Air Liquide).

2.2. Synthesis of heteroatom-doped carbon xerogels

Samples were prepared in a stirred batch reactor consisting of a 
three-neck round-bottom flask equipped with a reflux, mechanical stir-
ring and temperature controller. For the synthesis of the reference RF 
organic gel, 450 mL of n-heptane as reaction media, 11 mL of Span® 80 
(a non-ionic surfactant) and a fitted Milli-Q aqueous solution of R, were 
heated up to 75 ◦C under stirring and reflux. Then, the appropriate 
amount of F solution was dropped on the preheated solution. To prepare 
organic doped gels, heteroatoms were introduced directly in the chem-
ical polymeric network by replacing F with the corresponding aldehyde, 
namely thiophene-2-carboxaldehyde to generate S-functionalities, 
pyrrole-2-carboxaldehyde for N-functionalities, and furfural to increase 
the O-content, which were previously dissolved in methanol. All recipes 
maintain a R/aldehyde molar ratio of 1/2 and a R/W molar ratio of 1/8. 
Finally, 4 mL of HCl were added drop by drop to the suspension, aging 
the polymer for 24 h to guarantee complete condensation. Afterward, 
the organic gels were filtered and washed with abundant acetone to 
remove rest of solvents and unreacted products and stored in acetone 
suspension for 24 h, renewing acetone after each 8 h. This allows the 
exchange of solvents by filling the pores with acetone, which consider-
ably reduces the shrinkage of the porosity during the drying process 
[25,26]. After solvent exchange, samples are recovered by filtering, 
dried overnight at 80 ◦C to completely evaporate the acetone, and stored 
in a desiccator to prevent humidity adsorption. The gels obtained were 
later carbonized in an oven under N2 atmosphere at 800 ◦C with a soak 
time of 1 h and a heating rate of 3 ◦C/min. This carbonization temper-
ature was chosen to provide high thermal, mechanical and structural 
stability to the final products. In general, the pyrolysis of organic gels is 
complete at around 700 ◦C [12,27].
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The samples were labelled as A-XG, where “XG” denotes xerogel 
character (subcritical drying); and “A” refers to the aldehyde used 
during heteroatom-doping, i.e., “O” (oxygen) for furfural, “S” (sulphur) 
for thiophene-2-carboxaldehyde and “N” (nitrogen) for pyrrole-2- 
carboxaldehyde, while “C” corresponds to the reference xerogel pre-
pared with F. Thus, the carbon xerogels C-XG (reference), S-XG, N-XG 
and O-XG were obtained.

2.3. Characterization techniques

Different complementary techniques were used to characterize the 
samples. The morphology of the adsorbents was studied by scanning 
electronic microscopy (SEM), with a high-resolution microscope Carl 
Zeiss SMT, model Auriga. Elemental analysis (EA) was carried out to 
determine the bulk chemical composition of samples using a Thermo 
Scientific, model Flash 2000 equipment. Thermogravimetric analysis 
(TGA) was performed to determine the thermal stability of the materials 
under air atmosphere (heating up to 800 ◦C and with a heating rate of 
5 ◦C/min) using a SHIMADZU TGA-50H thermobalance. The identifi-
cation of chemical groups was carried out by attenuated total reflectance 
coupled with Fourier Transform infrared spectroscopy (ATR-FTIR) and 
X-ray photoelectron spectroscopy (XPS) analysis, recorded respectively 
with a JASCO 6200 and a Kratos Axis Ultra-DLD to determine the nature 
and percentage of each chemical species on the surface. Survey and 
multi-region spectra were recorded at C1s, O1s, S2p and N1s photo-
electron peaks and each spectral region was scanned several times to 
obtain good signal-to-noise ratios. The point of zero charge (pHPZC) of 
the samples was determined according to the procedure developed by 
Leon [28,29]. The content of acidic and basic surface functional groups 
in the carbon xerogels has been determined using Boehm titration [30]. 
In a typical assay, 0.10 g of sample was suspended in separate flasks 
containing 10 mL of HCl 0.10 M, NaOH 0.10 M, Na2CO3 0.05 M and 
NaHCO3 0.10 M. The suspensions were left shaking for 48 h and then, 
they were filtered, and 5 mL of each solution were titrated with HCl 0.10 
M or NaOH 0.10 M. The textural parameters of the samples were ob-
tained using N2 and CO2 physical adsorption at –196 ◦C and 0 ◦C, 
respectively, with a Quadrasorb SI equipment (Quantachrome). For 
that, the samples were outgassed for 12 h at 110 ◦C with a high vacuum 
of 10–6 mbar. Brunauer, Emmett and Teller (BET) method was applied to 
calculate the apparent surface area (SBET) of the samples [31]; Dubinin- 
Radushkevich (DR) equation was used to calculate the micropore vol-
ume (W0) of the samples [32,33], while Stoeckli equations [34] were 
applied to determine the micropore surface area (Smicro) and mean 
micropore width (L0). Total pore volume (VT) was considered as the 
volume of N2 adsorbed at a relative pressure (P/P0) of 0.95, which is due 
to the volume of micro- and mesopores according to Gurvich’s rule 
[33,35]. The Barrett, Joyner and Halenda (BJH) method [36] and 
quenched solid density functional theory (QSDFT) were used to calcu-
late the pore size distribution (PSD) [37,38]. The hydrophobicity of the 
carbon xerogels was determined using a gravimetric method, which 
estimates the amount of water vapor adsorbed into the samples at room 
temperature and 100 % relative humidity (RH), under static conditions 
until a constant weight (saturation) is achieved.

2.4. Ethylene adsorption assays

Ethylene adsorption was performed in dynamic conditions using 
glass reactors containing around 0.40 g of adsorbents sieved under 150 
µm, which form a fixed bed of 8.0 × 0.60 cm. The experiments are 
carried out at atmospheric pressure with a total flow of 25 cm3/min of a 
mixture of N2/O2/C2H4/H2O. The fitted C2H4 concentration in the 
synthetic air mixture (21 % O2) was 100 ppmv, while the influence of 
humidity was analysed by performing additional experiments in dry 
conditions or at 50 % RH. Adsorption experiments were carried out to 
obtain the breakthrough curves [39–41]. The mixture passed through 
the columns, and the ethylene and water exiting the outlet end of the 

column were analysed using a gas chromatograph (Shimadzu GC 2010 
Plus), equipped with Rt-Msieve 5A and Rt-Q-BOND columns, and a 
barrier discharge ionization (BID) detector.

The amount of ethylene adsorbed in the breakthrough (X0.02) and 
saturation points (X0.90) are compared. These points are defined as the 
time on stream or the eluted volume before the C2H4 concentration 
measured at the outlet end of the column reached 2 % and 90 % of the 
initial concentration, respectively. Another important parameter is the 
height of the mass transfer zone (HMTZ), representing the region of the 
fixed bed in which adsorption is taking place, calculated following the 
equations (Eqs. (1)–(2): 

HMTZ = h
(

V0.90 − V0.02

V0.02+ϕ(V0.90 − V0.02)

)

(1) 

ϕ =

∫ V0.90
V0.02

(C0 − C)dV
C0(V0.90 − V0.02)

(2) 

in which “h” is the height of the adsorption bed and “ϕ”, the fractional 
capacity, which evaluates the efficiency of the adsorption process. Since 
HMTZ progressively moves along the column as the adsorbent is satu-
rated, RMTZ is defined as the rate of advance of HMTZ through the fixed 
bed reactor, according to Eq. (3): 

RMTZ = HMTZ/(t0.90 − t0.02) (3) 

3. Results and discussion

3.1. Physicochemical characterization

The first objective was to validate the success of the synthesis process 
in generating stable chemical groups after carbonization at 800 ◦C. The 
bulk and surface chemical composition of the samples were obtained by 
EA and XPS, respectively (Table 1). The C-XG sample synthesized from 
the classical RF mixture was chosen as reference material. The increased 
O, N and S contents, according to the monomer used in each synthesis, 
confirm the viability of the designed procedure. Thus, the applied one- 
pot sol–gel method effectively generates stable chemical groups on 
carbon xerogels, making it an easy functionalization tool. Oxygen and 
nitrogen functionalities seem to be more homogeneously distributed 
after carbonization at 800 ◦C than the sulphur ones, showing a signifi-
cant reduction of the surface S-content regarding the bulk concentration 
(i.e., 1.3 % vs. 4.3 % for SXPS and SEA, respectively). All materials pre-
sented slightly basic pHPZC values (Table 1). Increasing the O-content 
typically increased the concentration of oxygen-containing surface 
groups, such as anhydride or ketones (carboxylic acids present a low 
thermal stability) with acidic character. Nevertheless, there is only a 
weak acidification of O-XG regarding the reference C-XG. On the con-
trary, N-functionalities enhanced the basic character, although again, 
the increase in pHPZC is also moderate.

The thermal stability of the carbon xerogels under air atmosphere 
was studied using TGA (Fig. S1). All materials were stable below 200 ◦C, 
the mass loss (around 5 wt%) at this temperature being probably related 
to removal of adsorbed humidity. The combustion rate mainly increased 
above 400 ◦C. The similar profile of the TGA curves denotes the high 
stability of the different functional groups regardless the heteroatom 
element. These groups remain stable after carbonization under nitrogen 
atmosphere at 800 ◦C, thus inducing only small differences between the 
stability of the samples when analyzed under oxidant conditions.

The morphology of the materials was analysed by SEM. In general, 
the structure of the organic gels was composed of microspheres, induced 
by the stirring movement inside a spherical reactor and the presence of 
the surfactant in the starting solution. As observed in Fig. 1a, the C-XG 
carbon xerogel is formed by microspheres with a mean size around 20 
μm. Details of the microspheres’ surface (Fig. 1b) denote that they are 
also formed by smaller microspheres with a mean diameter of ~0.2 µm 
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(Fig. 1c), typically referred to as “primary particles”. In general, 
heteroatom-doped carbon xerogels maintained the spherical micro-
structure, although with some modifications. The different aldehydes 
used in the synthesis modified the size and overlapping degree of the 

primary particles (Fig. 1d–f), resulting in a smaller size (around 0.1 µm) 
and a larger overlapping degree, creating different opened porosity 
(meso- and macropore distribution) between the primary particles.

Textural properties of samples are closely related with the previously 

Table 1 
Point of zero charge (pHPZC), and bulk and surface chemical composition (wt%) of heteroatom-doped carbon xerogels determined by EA and XPS, respectively.

Sample CEA 

(%)
OEA*
(%)

NEA 

(%)
SEA 

(%)
HEA 

(%)
CXPS 

(%)
OXPS 

(%)
NXPS 

(%)
SXPS 

(%)
pHPZC

C-XG 87.9 7.3 − − 4.8 96.2 3.8 − − 7.4
O-XG 81.7 13.2 − − 5.1 90.5 9.5 − − 7.1
S-XG 83.1 8.4 − 4.3 4.2 92.6 6.1 − 1.3 7.3
N-XG 79.5 9.8 6.4 − 4.3 88.7 5.8 5.5 − 7.8

* Calculated by difference.

Fig. 1. SEM micrographs of (a-c) reference C-XG and (d-f) heteroatom-doped carbon xerogels: (a, b) microspheres size and (c-f) distribution of primary particles.
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described morphology. Thus, the PSD of samples obtained by sol–gel 
procedures depends on the combination of numerous processes carried 
out during synthesis. The polymerization step defines the shape, 
dimension and overlapping of primary particles forming the 3D- 
network, which basically define the mesoporous range. In contrast, 
the heat treatment conditions determine the pyrolysis degree and the 
release of gases, which in turn, develop the microporosity [25,26]. The 
shrinkage undergone during these processes is related not only with the 
selected drying method or carbonization conditions, but also with the 
mechanical properties of the samples [25,42].

The textural characterization of the samples was carried out by 
determining the complementary adsorption isotherms of N2 and CO2 
(Fig. 2a and b). The textural parameters obtained from the analysis of 
these isotherms, according to the procedures described in the experi-
mental section, are listed in Table 2. The N2 adsorption–desorption 
isotherms of carbon xerogels (Fig. 2a) belong to type I and IV of the 
IUPAC classification. In fact, only the isotherm of N-XG is mainly a type 
IV isotherm, characteristic of mesoporous materials. These profiles 
denote the hierarchical PSD of materials, combining the intrinsic 
microporous nature of the samples with the presence of some meso-
pores. At a glance, it is observed that all doped carbon xerogels present a 
lower porosity (VT) than the reference material, except in the case of N- 
XG. The N2 adsorption at low relative pressure (P/P0) is always smaller 
than for the reference sample, this decrease being especially notorious 
for N-XG, denoting a lower microporosity (Fig. 2a). Moreover, the wider 
neck observed in the isotherms of S-XG and mainly, O-XG samples, 
suggest the formation of a more heterogeneous microporosity in these 
samples. At P/P0 > 0.4, the slope of the curves and the hysteresis loop 
denote the presence of mesopores in all cases. The hysteresis loop is in 
general of type H4, with exception of N-XG, that becomes type H3, both 
related with slit-shaped pores. As note, the slope of the isotherms pro-
gressively increased in the trend S-XG<O-XG<C-XG<N-XG, indicating 

an increased mesoporosity in this sense. For the N-XG sample, the deep 
increase of the amount adsorbed from P/P0 > 0.8 denotes the presence 
of larger mesopores than in the rest of samples. Simultaneously, the H3 
hysteresis cycle also implies a deeper influence of the microporous range 
on the condensation/evaporation of N2 [14,43]. Thus, N-XG should 
present a well-developed mesoporosity formed by larger mesopores, but 
a reduced microporosity consisting of large micropores.

The texture analysis of the samples is corroborated by determining 
the PSD by QSDFT and BJH methods, which are in good agreement 
(Fig. 2c and d). QSDFT confirms that, in general, samples are mainly 
microporous (Fig. 2c). It is noteworthy that the reference carbon xerogel 
(C-XG) presents the narrowest microporosity but also a certain contri-
bution of mesopores with a diameter of around 3 nm. As expected, larger 
mesopores with a diameter around 13 nm were found for the meso-
porous N-XG, in good agreement with the value of 17 nm detected by 
BJH method (Fig. 2d). Both methods also confirm the scarce mesoporous 
character of both S-XG and O-XG samples.

A deeper characterization of the microporosity was carried out by 
applying DR and Stoeckli (DR-S) equations to the N2 adsorption data 
(Table 2). As expected, heteroatom-doping reduces the micropore vol-
ume (W0) of the samples, but L0 values strongly increased regarding the 
reference material. The mesoporous volume (Vmeso) also decreased, with 
exception of N-XG. The lower porosity of the heteroatom-doped gels is 
also verified by a decreased surface area. In fact, when comparing SBET 
and Smicro from N2 isotherm data, similar values were obtained only for 
C-XG. In the heteroatom-doped gels, SBET is always higher than Smicro, 
and the decrease of surface by doping is larger for Smicro values than for 
SBET, pointing out that the stronger transformations take place at the 
micropore range.

The CO2 adsorption of the samples complements the characterization 
of microporosity, allowing a more detailed analysis of the narrowest 
microporosity (diameter < 0.7 nm). Comparing the CO2 isotherms 

Fig. 2. Adsorption isotherms of (a) N2 and (b) CO2 for the different carbon xerogels. PSD obtained by applying (c) QSDFT and (d) BJH method to the N2 
adsorption data.
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(Fig. 2b), it is observed that the narrow microporosity is favoured in O- 
XG, and deeply reduced in the mesoporous N-XG carbon xerogel, 
regarding the reference material. Increasing the oxygen content in the 
3D-structure of the raw organic xerogel by using furfural, a higher COx 
release favoured the development of narrow micropores and thereby, 
Smicro. On the contrary, pyrrole-2-carboxaldehyde reduced the micro-
porosity in all ranges (WCO2 and WN2), and consequently, N-XG pre-
sented the smallest surface area, despite the high Vmeso developed. 
Meanwhile, thiophene-2-carboxaldehyde exhibits an intermediate 
behaviour; in this case, the larger reduction regarding the reference 
sample takes place in the mesopore range. Thus, the different monomers 
used during heteroatom-doping entail significant changes in the textural 
parameters of the samples, as previously reported [44–46]. As a general 
comment, both Smicro and W0 determined from CO2 adsorption were 
always higher than those obtained from N2 adsorption, thus denoting 
the N2-diffusion restriction to the narrowest microporosity. This fact is 
clearly pointed out when comparing the Smicro(CO2)/Smicro(N2) ratio, 
which strongly increased after doping, more markedly in the case of the 
mesoporous N-doped sample (Table 2). As note, mesoporous materials 
present the strongest diffusion problems to the entrance of the micro-
porosity, despite the large micropore size (L0).

The adsorptive behaviour of samples will be influenced by both 
textural and chemical characteristics. Thus, together with the extent and 
accessibility to the surface (PSD), the distribution and concentration of 
chemical groups on these surfaces determine the strength of the in-
teractions with a specific adsorbate. The main surface functionalities 
incorporated in the samples was studied by ATR-FTIR (Fig. 3). In gen-
eral, the intensity of the FTIR bands in the doped samples increases 
regarding the reference material. These bands were assigned according 
to the literature [47–49]. Specifically, the broad band in the region 
between 3700–3100 cm− 1 observed in all samples was assigned to –OH 

stretching vibrations, also overlapping in the N-doped sample with the 
vibration of terminal –NH groups. In the region of 2800–2900 cm− 1, 
two peaks at 2850 cm− 1 and 2920 cm− 1 were assigned to symmetric and 
asymmetric CH2 aliphatic stretching vibrations. These bands are 
significantly more intense for S-XG, denoting the presence of aliphatic 
structures and, probably, a smaller aromatic character. However, no 
signal for the –SH stretching peak is observed at 2570 cm− 1 for this 
sample. In the region of ~1700 cm− 1, the oxygenated surface groups are 
detected, the peak at ~1740 cm− 1 being assigned to the carbonyl C––O 
stretching of carboxylic, anhydrides or lactonic structures [49]. It is 
noteworthy the different distribution of oxygenated surface groups in 
the samples, since this band is not observed in O-XG and N-XG samples, 
in which the band at ~1600 cm− 1 is reinforced. The signals in the region 
1500–1600 cm− 1 are associated with conjugated C––C bonds. The C––C 
vibration in aromatic rings was assigned at ~1590 cm− 1, while C––C in 
condensed aromatic rings was designated at ~1550 cm− 1, the latter 
favoured in the case of N-XG. In the 1000–1300 cm− 1 region, multiple 
and overlapped weak bands due to C–O (phenols, alcohols or ether 
bridges between rings) and C–N bonds at ~1250 cm− 1 or N–CH3 bonds 
at ~1372 cm− 1 were also previously reported [48].

High resolution XPS spectra of the C1s (Fig. 4a, b) and O1s (Fig. 4c–f) 
regions were analysed, together with the signals of the corresponding 
S- or N-doping element, i.e., S2p (Fig. 4g) or N1s regions (Fig. 4h), 
respectively. The nature and concentration of chemical species from 
deconvolution of each specific spectral region were assigned according 
to the literature [39,50], and are summarized in Table S1 of the 
Supplementary Material. The deconvolution of the C1s region (Fig. 4a 
and b) was carried out using four components assigned as follows: 
C–C (284.6 eV); C–O (~285 eV); C––O (~286 eV) and O–C––O 
(~289 eV). As observed, all heteroatom-doped carbon xerogels showed 
an increased surface O-content (Table 1). The C1s profile for S-XG was 
comparable to that of the reference sample, probably associated with a 
low S-content in surface. On contrast, the C1s profile for N-XG is 
significantly wider and shows a slower decay, which confirms the C–N 
functionalization. The peaks corresponding to C–O bonds and C–N or 
C–S bonds overlap between them, leading to larger tails on the corre-
sponding spectra.

Two components were normally used to fit the deconvolution of the 
high-resolution O1s spectra, of the carbon materials (Fig. 4c–f), assigned 
as C––O and C–O bonds at ~531.5 eV and ~533.0 eV, respectively 
[39]. In the case of heteroatom-doped carbon xerogels, the O1s profile 
significantly enlarged, indicating the formation of additional surface 
groups, in which oxygen is linked to these heteroatoms. Thus, new 
components at ~532.3 eV and ~534.6 eV, associated with S–O and 
N–O bonds [45,50], were included to fit the deconvolution of O1s re-
gion for S-XG and N-XG, respectively. The nature of N- and S-containing 
groups was more specifically determined by analysing the S2p or N1s 
spectral regions. In this context, the deconvolution of the S2p region, 
with a typical peak splitting of 1.2 eV between S2p3/2 and S2p1/2, for S- 
XG is shown in Fig. 4g. The main contribution observed at ~163.9 eV 
corresponds to C–S–C structures, such as those existing in the raw 
thiophene-2-carboxaldehyde, corroborating its incorporation in the 3D- 
network structure. In addition, other smaller components were assigned 

Table 2 
Textural parameters of the heteroatom-doped carbon xerogels.

Sample N2 adsorption CO2 adsorption Smicro CO2/ Smicro N2

SBET (m2/g) VT (cm3/g) Vmeso (cm3/g) W0 (cm3/g) L0 

(nm)
Smicro 

(m2/g)
W0 

(cm3/g)
L0 (nm) Smicro 

(m2/g)

C-XG 545 0.35 0.11 0.23 0.82 555 0.26 0.57 905 1.6
O-XG 495 0.30 0.07 0.21 1.26 288 0.37 0.60 1108 3.8
S-XG 444 0.22 0.03 0.18 1.70 223 0.25 0.66 823 3.7
N-XG 254 0.44 0.30 0.11 1.86 115 0.16 0.61 630 5.5

SBET = BET surface area; VT = total pore volume; Vmeso = mesoporous volume; W0 = micropore volume; L0 = mean micropore width; Smicro = microporous surface area; 
Smicro CO2/N2 = microporous surface area ratio obtained from CO2 and N2 isotherm data.

Fig. 3. ATR-FTIR spectra of the reference and heteroatom-doped car-
bon xerogels.
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at ~164.4 eV and ~167.5 eV, associated to H–S–C and oxidized 
sulphur moieties (e.g., sulfones, sulfonates or sulphates), respectively 
[44,45]. The deconvolution of the N1s region for N-XG (Fig. 4h) shows 
four components associated to pyridinic N6 (~398.7 eV), pyrrolic N5 
(~400.0 eV), quaternary N (~401.4 eV) and oxidized nitrogen species 
(N ox) (~402.5 eV) [50]. The main component was the one due to 
quaternary nitrogen groups, which should also justify the incorporation 
of the raw chemical compound to the N-XG structure during the 
synthesis.

The concentration of basic and acidic surface groups created in the 
different carbon xerogels was determined by Boehm titration, and the 
results are shown in Table 3. According to this procedure, titration with 
HCl or NaOH was used to determine the total basic and acid functionalities, 
respectively. The distribution of acid sites is analysed, by comparison, with 
the results obtained by titration with Na2CO3, which determines carbox-
ylic acid groups and lactones, regarding NaHCO3, only able to titrate 
carboxylic acid groups. These results are in good agreement with the 
evolution of the pHPZC values (Table 1), as well as with the variation of 
the chemical composition determined by both XPS and EA. Thus, a higher 
oxygen content in all doped xerogels compared to the reference C-XG 
sample, induces an increased acidity from 1.8 to around 3.0 mmol/g, 
slowly increasing as follows: C-XG<N-XG<S-XG<O-XG. Similarly, pHPZC 
values pointed out the most basic character of N-XG, which is also 
confirmed by the highest concentration of basic groups determined by HCl 
titration, i.e., a value of 5.2 mmol/g.

3.2. Adsorptive behaviour of water under static assays

Considering the high RH (90–99 %) used in the storage cameras of 
climacteric fruits, the hydrophobicity of the adsorbents is one of the 

most determining properties. In this context, water adsorption was 
measured gravimetrically over time as a first attempt to estimate the 
interactions between the carbon surface and the adsorbates. Experi-
ments were carried out up to constant weight (saturation) in static air, at 
room temperature and 100 % RH. Results are compiled in Table 4 and 
Fig. 5. It is well known that water adsorption is related with both 
microporosity and surface chemistry, namely with the presence of hy-
drophilic surface groups [51]. Although different mechanisms of water 
vapor adsorption were proposed, in general it is accepted that water 
vapor adsorption is initiated on the surface functional groups by 
hydrogen bonding. Then, with an increase in the amount of water 
adsorbed, they are forming molecular clusters that coalesce, favoured by 
capillarity occurred inside the pores, and condense filling the available 
pore volume. Thus, the concentration and nature of the surface groups 
determine water adsorption–desorption processes.

The interaction of RF carbon aerogels with water was recently 
studied by Mónika Kéri et al. [52], who prepared two samples with 
different microporosity (0.35 vs. 0.25 cm3/g) and mesoporosity (1.31 vs. 
0.84 cm3/g), but with a similar total water uptake (0.16 cm3/g) at 100 
% RH, as deduced from water adsorption isotherms at 25 ◦C. This value 
is significantly smaller than the pore volume deduced by N2 adsorption 
even for the least porous sample. Additional experiments followed by 
nuclear magnetic resonance (NMR) cryoporometry after exposing 
powdered samples to different amounts of water, determined the 
amount of water adsorbed in each case, which increased up to 4.8 and 
1.2 cm3/g, respectively. Results showed that water is adsorbed on the 
hydrophilic functional groups, forming water clusters and filling the 
micropores, according to the mechanism generally described, although 
the wetting of the mesopores differs.

The growing clusters of adsorbed water in mesopores lead to the 
formation of spherical water drops which are non-homogeneously 
distributed. Pore filling is sequential and progressive, wetting is plug- 
like, i.e., only once a pore is filled the wetting passes to the next pore 
through the interconnected pore structure, increasing the amount of 
water adsorbed up to the complete pore filling at saturation. The 

Fig. 4. XPS spectra and deconvolution of the (a, b) C1s, (c-f) O1s, (g) S2p and (h) N1s regions for selected carbon xerogels.

Table 3 
Quantification of acidic and basic functional groups in the carbon xerogels with 
Boehm titration.

Concentration of functional groups (mmol/ 
g)

C- 
XG

O- 
XG

S- 
XG

N- 
XG

Basic surface groups 2.5 2.2 2.7 5.2
Carboxylic groups 0.4 0.6 0.8 0.5
Lactones 0.1 0.5 0.2 0.6
Phenols 1.3 1.9 1.8 1.6
Total acidic surface groups 1.8 3.0 2.8 2.7

Table 4 
Amount of water adsorbed by the carbon xerogels in static conditions.

Water adsorbed C-XG O-XG S-XG N-XG

Q, g (water)/ g (sample) 0.473 0.267 0.160 0.389
mg (water)/SBET 0.862 0.545 0.360 1.535
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mechanism of water diffusion depends on the degree of wetting. When 
initially water forms clusters around the hydrophilic functional groups 
in the empty meso- and macropores, or even when the mesopores are 
partially filled, the porosity is still sufficient for diffusion to take place 
mainly in the vapour phase. However, the micropores are easily filled 
and, in this case, diffusion takes place in liquid phase from and into the 
free mesopores that are connected with these micropores. The meso-
pores are then filled and finally, even the macropores through the 
interconnected pore structure. When filling macroporosity, the volume 
of water adsorbed overpasses the pore volume determined from the 
corresponding N2 adsorption–desorption isotherms, because macro-
pores are not quantified by this technique.

Comparing the adsorptive behaviour of these carbon xerogels with 
those reported by Mónika Kéri et al. [52], a water adsorption capacity 
higher than 0.16 cm3/g (Table 4, Fig. 5) is observed, although our 
samples exhibit a lower porosity (Table 2). Thus, it can be concluded 
that the introduction of heteroatoms could effectively enhance the hy-
drophilic character of surfaces. To explore the relationship between 
textural and chemical aspects, the amount of adsorbed water was plotted 
against the BET surface area of the samples (Fig. 5a). In general, water 
adsorption increased linearly with SBET (Fig. 5a), denoting the pre-
dominant factor of the textural properties. The highest water adsorption 
capacity observed in the N-XG sample (Fig. 5a) might be justified by the 
establishment of hydrogen bonding between N-containing surface 
groups and water molecules, which is also pointed out by the highest 
water adsorption capacity normalized per surface area unit (Table 4). 
Nevertheless, this type of interactions should also be accessible to 
oxygenated surface groups, but despite the high hydrophilicity and 
content of these groups, the amount of water adsorbed per square meter 
for O-XG is significantly lower than for N-XG, and even lower than for C- 
XG. In fact, the largest water adsorption takes place in the undoped 
sample (Table 4).

Therefore, considering these results, the overall texture was consid-
ered, instead of only the surface area values. When comparing the vol-
ume of water adsorbed directly with the total pore volume determined 
by N2 adsorption at P/P0 = 0.95 (Fig. 5b), a lineal relationship between 
both parameters is obtained, the volume of water adsorbed at saturation 
entirely matching the VT, although with values slightly below. As noted, 
the undoped C-XG sample presents now an adsorbed volume that ex-
ceeds the VT. This fact could be related with its different PSD, in 
agreement with the SEM analysis (Fig. 1), which showed a more opened 
structure between the primary particle network, probably forming a 
large network of macropores contributing to water adsorption [52]. The 
good linearity of results suggested that the total water adsorption ca-
pacity is independent of surface chemistry at saturation in static con-
ditions, porosity being completely filled by adsorbed water, with VT 
determined by N2 adsorption being a good basis of comparison between 
different samples.

However, if only the adsorption capacity at saturation is considered, 
the effect of surface chemistry may be masked. The combination of 
porosity and surface chemistry effects on water adsorption is more 
evident when analysing the adsorption kinetic curves (Fig. 5c and d). 
There is a clear difference between the samples according to their porous 
structure, also in agreement with the general water adsorption mecha-
nism [51,52]. When adsorbents are mainly microporous (O-XG and S- 
XG), the saturation is achieved after 2 days at room temperature and 
100 % RH, while mesoporous samples (C-XG and N-XG) continue 
adsorbing water during longer time periods. In fact, the saturation of C- 
XG takes place after around 45 days (Fig. 5c) but the saturation time for 
N-XG is shorter (around a month), despite its largest mesopore volume. 
Thus, once again, the presence of hydrophilic N-containing surface 
groups and the mesoporous character of this sample could favour a 
faster water adsorption rate, shortening saturation time compared to C- 
XG. Nevertheless, when observing in detail the adsorption kinetic curves 

Fig. 5. Relationship between water adsorption capacity and (a) the BET surface area or (b) the total pore volume, in static conditions. (c) Adsorption kinetic curves at 
long times and (d) details of adsorption during the first stages in static conditions.
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at low adsorption times (Fig. 5d), water adsorption of N-XG is appar-
ently slower than the other samples, indicating a stronger diffusion re-
striction to the microporosity, as previously discussed on the evolution 
of the Smicro(CO2)/Smicro(N2) ratio (Table 2). These results (Fig. 5d) 
confirm that the quick water adsorption is strongly favoured by the 
combination of a high microporous surface and the highly hydrophilic 
oxygenated surface groups, both aspects enhancing the adsorption rate 
on O-XG.

3.3. Adsorptive behaviour of ethylene under dynamic assays

The hydrophilicity of the samples should influence their adsorptive 
behaviour for ethylene under dynamic experiments. The corresponding 
breakthrough curves obtained in air flow (25 cm3/min) containing 

100 ppmv of C2H4 under dry or humid (50 % RH) conditions are shown 
in Fig. 6a and b, respectively. The amount of ethylene adsorbed, 
obtained by integration of the curves at the breakthrough and saturation 
points (C/C0 = 0.02 and 0.90, respectively) in both dry and humid 
conditions, is collected in Table 5. The ethylene adsorption depends on 
both surface chemistry and atmosphere conditions (Fig. 6a and b), the 
presence of humidity and doping clearly triggering a negative effect 
(curves shifted to a lower time on stream). This behaviour is summarized 
in Fig. 6c, in which a similar decay of the adsorption capacity by 
humidity (Red.= ~0.12 mg/g, Table 5) is obtained regardless of the 
porosity or surface chemistry of the samples, as well as a progressive 
reduction by doping effect in this sense: C-XG>O-XG>S-XG>N-XG. 
Similar results were previously reported for different series of carbon 
materials in the adsorption of non-polar VOCs [53]. Doping with 

Fig. 6. Breakthrough curves of ethylene adsorption under dynamic assays in (a) dry and (b) humid conditions. (c) Influence of heteroatom-doping in carbon xerogels 
on X0.90. (d) Breakthrough curves of water adsorption under dynamic assays. (f, g) Correlations between X0.90 and BET or microporous surface areas, respectively, in 
carbon xerogels in dry and humid conditions.
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heteroatoms generates sites changing the polarity of surfaces according 
to their different electronegativity (EN) and the nature of the different 
surface groups that they can form. Since the ethylene molecule is 
non-polar, doping should produce a negative effect on the adsorbate-
–adsorbent interactions, reducing the adsorption capacity regarding the 
undoped carbon surfaces. However, according to this reasoning, the 
highest reduction should occur in the O-XG sample, which showed the 
highest surface functionalization of hydrophilic sites. Therefore, the 
adsorptive behaviour of each sample is due to a specific combination of 
porous texture and surface chemistry.

For a further correlation between the physicochemical properties 
and adsorptive behaviour of the materials, the total ethylene adsorption 
capacity (X0.90) was firstly correlated with their porous texture. Thus, 
X0.90 linearly increased with BET surface area (Fig. 6e) regardless of 
adsorption being performed in dry or humid conditions, the largest 
deviation being observed for C-XG. Although the adsorption capacity 
decreased in humid conditions, the relationship between both parame-
ters is very close and parallel. This linear fitting is markedly improved 
when X0.90 is plotted against the microporous surface area (Smicro) 

calculated by applying Stoeckli’s equation to N2-adsorption data 
(Fig. 6f). However, the fitting was worse considering only the narrow 
microporosity determined by CO2 adsorption, in particular for the per-
formance of C-XG. Therefore, the largest influence on ethylene adsorp-
tion capacity seems to be controlled by large micropores, which are 
accessible to N2 at – 196 ◦C, with the textural properties determining the 
adsorption performance, in agreement with previous studies [40,54].

The presence of moisture clearly produces a negative effect on 
ethylene removal. The reduction in ethylene adsorption increased from 
17 % for C-XG to 33 % for N-XG. However, rather than differentiating 
the ethylene adsorption performance according to the hydrophilicity of 
samples, moisture seems to homogenize the results. These different 
percentages are only a mathematical effect, since as mentioned above, 
all samples showed a similar reduction in adsorption capacity (i.e., 
~0.12 mg/g, Table 5) and thereby, the loss as a percentage is larger for 
samples that adsorb less ethylene. On the contrary, under humid con-
ditions, it is observed that: (i) the uniformity in the shape of the ethylene 
breakthrough curves is greater, with curves becoming more or less 
parallel (Fig. 6b); (ii) the adsorption capacity per area unit becomes 

Table 5 
Adsorption parameters obtained at the breakthrough and saturation points for the carbon xerogels.

Sample X0.02 dry 
(mgC2H4/gXG)

X0.90 dry 
(mgC2H4/gXG)

X0.02 humid 
(mgC2H4/gXG)

X0.90 humid 
(mgC2H4/gXG)

Red * X0.90, humid/SBET 
y X0.90, humid/Smicro 

y

C-XG 0.599 0.711 0.430 0.593 0.12 1.09 0.66
O-XG 0.430 0.465 0.286 0.364 0.10 0.74 0.33
S-XG 0.258 0.424 0.143 0.297 0.13 0.69 0.36
N-XG 0.258 0.329 0.143 0.219 0.12 0.86 0.35

* Influence of the 50 % RH on the amount of C2H4 adsorbed as: Red = X0.90, dry – X0.90, humid; y Adsorption capacity of C2H4 (in µgC2H4/gXG) by unit of BET surface area 
or by microporous surface from CO2 isotherm data.

Fig. 7. Comparison of the profiles of ethylene and water adsorption obtained for the carbon xerogels in humid conditions (dynamic assays). (The drawn grey bar 
represents the time after which water concentration is stabilized).
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similar for all the doped samples (X0.90/Smicro = ~0.33–0.36, Table 5); 
and (iii) the ethylene adsorption capacity decreases by a similar value in 
all samples, regardless of porosity or surface chemistry.

Since ethylene and water are simultaneously introduced in the feed 
stream of the column, the evolution of water adsorption throughout 
these experiments was studied deeply. The kinetics of water adsorption 
on the different samples are compared in Fig. 6d, while the kinetics of 
both water and ethylene adsorption are shown together in Fig. 7. At 
short times, ethylene is totally adsorbed, remaining undetected until the 
breakthrough point (t0.02). After that, the concentration increases until it 
returns to the initial value (t0.90). On the contrary, water vapour initially 
elutes from the column with minimal changes in the composition 
regarding the reference flow, and the total elimination of water from the 
stream is never achieved. The concentration of water on stream decays 
up to reaching a constant value. The conclusions obtained from Fig. 6d 
are comparable with those previously described from the kinetic assays 
in static conditions (Fig. 5). In fact, water adsorption in dynamic 
conditions is also faster on microporous samples (i.e., O-XG and S-XG), 
adsorption rate being also favoured by highly hydrophilic oxygenated 
surface groups. In the case of N-XG, water adsorption was higher but also 
slower due to larger diffusion limitations. After stabilization, the lowest 
water adsorption, i.e., the highest C/C0 values at the column exit, 
corresponds to C-XG, which is also in agreement with the long period 
needed to saturate, even under static conditions at 100 % RH.

When comparing water and ethylene adsorption processes, a slope 
change in the water adsorption curve occurs at t0.02 in the undoped C-XG 
sample (Fig. 7a), while sulphur-doping leads to a slight delay in the 
water adsorption regarding t0.02 (Fig. 7c), this effect being more evident 
for O-XG (Fig. 7b) and mainly for N-XG (Fig. 7d), where water con-
centration stabilizes only after t0.90 for ethylene adsorption. Regarding 
dry conditions, humidity has a deeper influence on the shift to lower 
times on stream on the breakthrough point (X0.02) than on the saturation 
point (X0.90), thus favouring the separation between both characteristic 
points. This fact is clearly denoted by the smaller slopes of the adsorp-
tion curves compared to those obtained in dry conditions (Fig. 6a vs. b). 
Adsorbed water molecules reduce the ethylene accessibility and diffu-
sion inside the pores, in such a manner that a greater proportion of 
ethylene is forced to remain in the gas flux, being identified at the col-
umn exit (breakthrough point, X0.02) at shorter times. Similarly, satu-
ration (X0.90) is also reached earlier because of the lower porosity 
available.

The profiles of the ethylene breakthrough curves depend on the 
adsorbate–adsorbent interactions, determined by the extent of the mass 
transference zone (MTZ) and the gradient of concentration along this 
fraction of the column. The parameters HMTZ and RMTZ were calculated 
for all materials in both humid and dry conditions, and results are 
compiled in Table 6. Both parameters, HMTZ and RMTZ, are directly 
related with the nature and strength of interactions between adsorba-
te–adsorbent. A larger MTZ moving faster is evidently related with a 
weaker ethylene-adsorbent interaction.

In dry conditions, the smallest HMTZ and RMTZ values were obtained 
for the undoped C-XG, and then they remained practically unchanged 
after sulphur-doping (S-XG), but progressively increased for N-XG and 
specially, for O-XG. This tendency, i.e., C ≈ S<N<O, is clearly related 
with the Pauling’s electronegativity (EN) of the corresponding 

heteroatom introduced in the carbon support and its surface chemistry, 
i.e., C (2.55), S (2.58), N (3.04) and O (3.44), respectively. In this 
context, the higher EN of heteroatoms induces a progressive variation of 
the polar character of the surface groups and consequently, a smaller 
interaction with ethylene, increasing HMTZ and RMTZ values. In fact, a 
linear relationship between EN and HMTZ or RMTZ values was plotted in 
Fig. 8. Under humid conditions, both HMTZ and RMTZ values increased in 
all samples regarding dry conditions, denoting a weaker interaction of 
the available sites on surface with the ethylene molecules. The smaller 
influence of samples’ surface chemistry on the column performance in 
humid conditions is also pointed out by the smaller slope of the linear 
fitting RMTZ vs. EN (Fig. 8b). Although the variation of both parameters 
follows a similar tendency to dry conditions (C ≈ S<N<O), for low polar 
surfaces (e.g., C-XG and S-XG) HMTZ values only increased moderately 
after water adsorption, while a strong increase of this parameter is 
observed for O-XG and N-XG. On the contrary, the increase of the RMTZ 
values is deeper on C-XG and S-XG samples (Table 6 and Fig. 8a).

All these changes induced by water adsorption are in agreement with 
the previously commented adsorption mechanism [51,52]. In carbon 
xerogels, where initially high polar and hydrophilic N and O-sites are 
already present, the surface groups quickly interact with the moisture 
(Fig. 5d and Fig. 6d). This fact is also favoured because O- and N-surface 
groups are located preferentially on the external surface, as opposed to 
S-ones, as previously denoted by XPS analysis. Adsorbed water quickly 
blocks a fraction of the external porosity, which hinders the accessibility 
of ethylene, increasing the HMTZ, but once inside the adsorbent particle, 
RMTZ is close to the values obtained in dry conditions. Water adsorption 
only forms water clusters, the diffusion inside the pores is still governed 
by diffusion in gas phase and water is adsorbed preferentially on hy-
drophilic surface sites, while ethylene occupies the hydrophobic fraction 
of the surface, and thereby, adsorption is not competitive. This finding is 
also in agreement with the profiles of the adsorption curves. When water 
adsorption is energetically favourable regarding the ethylene one, which 
should occur mainly on doped carbon xerogels, water should displace 
the previously adsorbed ethylene, and typically C/C0 > 1 before 
reaching again the saturation (C/C0 = 1). However, ethylene desorption 
is not observed in any case either. Thus, both adsorbates are not in 
competition by the same sites under these experimental conditions.

In C-XG and S-XG samples, where water adsorption on the external 
surface is limited by the absence of hydrophilic groups, the accessibility 
into the porosity does not change significantly (HMTZ changes moder-
ately), ethylene and water vapour filling progressively and simulta-
neously the microporosity (both observed at the same time at ~t0.02). 
Because of this simultaneous filling, the polarity of the surface deeply 
increased with water adsorption, the interaction with ethylene 
decreased and consequently, RMTZ increased. In these samples, the 
microporosity of the adsorbent comprising the MTZ is simultaneously 
filled by both adsorbates, t0.02 being coincident with the stabilization of 
water concentration, which continues filling larger pores during a long 
time, as demonstrated in static conditions. In this porosity range, how-
ever, ethylene adsorption is limited and saturation is reached after some 
minutes. In O-XG and N-XG, the stronger interaction between water 
vapour and surface sites inside porosity, which are homogeneously 
distributed in the bulk, retards the movement of water regarding 
ethylene. Thus, in both cases, water concentration at t0.02 still decays 
more significantly in the case of N-XG because of the highest diffusional 
restriction imposed by its porosity. Finally, in this sample, water con-
centration only stabilized after the adsorbent is saturated with ethylene, 
but even so, the ethylene adsorbed is not removed by water.

Another important aspect to consider is the potential of the saturated 
samples to be regenerated and reused under the same conditions. For 
this purpose, the reference C-XG material and the N-doped sample (N- 
XG) were selected to perform three consecutive adsorption/desorption 
cycles under dry and humid conditions (Fig. 9). These samples were 
selected since they were the ones that showed the lowest and highest 
amount of water adsorbed under dynamic conditions, respectively. The 

Table 6 
HMTZ and RMTZ obtained from ethylene breakthrough curves for the carbon 
xerogels.

Sample HMTZ dry 
(cm)

RMTZ dry 
(cm/h)

HMTZ humid 
(cm)

RMTZ humid 
(cm/h)

C-XG 1.26 3.15 1.88 4.82
O-XG 2.40 5.78 4.55 6.12
S-XG 1.32 3.15 2.06 5.09
N-XG 1.73 5.08 3.40 5.78
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desorption experiments were performed by exchanging the air/C2H4 
flow by a similar total flow of pure air, maintaining the column at room 
temperature. As observed in Fig. 9, the selected carbon xerogels were 
completely regenerated at room temperature regardless of RH%, 
porosity or surface chemistry of the samples. The adsorption–desorption 
profiles are maintained after three consecutive adsorption–desorption 
cycles, showing a complete reversibility of the processes, and also the 
reproducibility of the data previously obtained. No chemical or struc-
tural changes occurred, so the adsorptive behaviour was maintained, 
which means that the materials were stable under the conditions used. 
On the other hand, cycles are also almost symmetrical, indicating similar 
adsorption and desorption rates, although a major ethylene concentra-
tion is observed at the beginning of regeneration, leading to C/C0 values 
slightly higher than that. Nevertheless, some differences can be noticed 
depending on the presence of N-doping and moisture, both factors 
retarding the adsorption–desorption processes of ethylene, as previously 
commented, so longer cycles are required in this sense. The slope of the 
adsorption curves (adsorption rate) is also higher for C-XG in dry con-
ditions. The slower adsorption–desorption processes, and consequently, 
the longer regeneration cycles, are detected accordingly for N-XG in 
humid conditions.

There are not many references in the literature concerning the 
adsorption of ethylene on carbon materials and most of them deal with 
static tests (determining the adsorption isotherm), being even scarcer 
those carried out under dynamic conditions and considering the effect of 
humidity. Nevertheless, the conclusions reached in this work on the 
influence of the physicochemical characteristics of the samples on the 
ethylene adsorption process are clearly in line with previous results. For 
instance, Wang et al. developed activated carbon fibers from cellulosic 
biomass by reductive oxidation to reduce the O-content, and thus, hy-
drophilic groups. They concluded that by diminishing these polar 
groups, the ethylene adsorption was enhanced [53]. Li et al. reached the 
same conclusion by modifying the surface chemistry of commercial coal- 
based activated carbons (ACs) with N groups. They studied the effect of 
hydrophilicity and relative humidity on toluene adsorption, another 
non-polar VOC, like ethylene. Their results also confirmed that the 
presence of polar groups in the carbon material and the increase of 
relative humidity hinder the adsorption of non-polar VOCs [55]. In a 
previous manuscript [39], we determined the ethylene adsorption ca-
pacity of both commercial ACs and home-made ACs prepared from agro- 
food industry wastes (olive stones) by chemical and physical procedures, 
using the same dynamic adsorption system, but using ethylene 

Fig. 8. Relationship between Pauling’s electronegativity of the heteroatom-doping and a) HMTZ and b) RMTZ values obtained under dry and humid conditions in 
dynamic assays.

Fig. 9. Consecutive adsorption–desorption cycles in dynamic assays for (a, b) C-XG and (c, d) N-XG under (a, c) humid and (b, d) dry conditions.
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concentrations between 250 – 1000 ppm and only under dry conditions. 
The reported results are also in agreement with those previously dis-
cussed about the influence of the narrow microporosity on the ethylene 
adsorption capacity. However, the adsorption capacity of these carbon 
xerogels is clearly smaller than that obtained with ACs from olive stones 
(e.g., these ACs presented the best performance of undoped materials in 
the literature), the different experimental conditions used are note-
worthy, as well as the different physicochemical properties of each series 
of samples, optimized in each study for different objectives. In fact, the 
ethylene adsorption capacity was optimized through the control of the 
pore size distribution of ACs by activations, while these new doped 
carbon xerogels were prepared to assess the influence of different 
heteroatom-containing groups on ethylene adsorption capacity.

4. Conclusions

Heteroatom-doped (O, N, S) carbon xerogels were synthesized by 
fitting the polymerization of resorcinol with different heterocyclic al-
dehydes. The sol–gel process, and consequently, parameters such as the 
primary particle size and overlapping degree, change according to the 
aldehyde used, thus doping influences simultaneously on both porosity 
and surface chemistry. Heteroatom-doped carbon xerogels displayed a 
hierarchical porosity with a micro-mesoporous character and BET sur-
face areas ranging between 450–550 m2/g. The oxygen functionalities 
increased regarding the reference material (C-XG) in all doped samples, 
and significant contents of S- or N-surface groups were achieved on S-XG 
and N-XG, respectively. All these changes influence on the surface hy-
drophilicity. Water adsorption experiments carried out under static 
conditions pointed out that the volume of water adsorbed is in good 
agreement with the total porosity volume determined by N2-adsorption. 
Chemical functionalities allow to improve the water adsorption capacity 
of samples compared to those reported in literature [52]. Ethylene 
adsorption was performed under dynamic conditions in both dry and 
humid conditions, doping and moisture leading to a negative effect on 
its adsorption. The microporosity of the samples governed the adsorp-
tion capacity, while the efficiency of the column was influenced by the 
nature and strength of ethylene-adsorbent interactions. Thus, an 
increased electronegativity of the doping element resulted in larger and 
faster mass transfer zones. Ethylene and water adsorption were found to 
be non-competitive. The ethylene adsorption on these samples is 
completely reversible regardless of the presence of moisture in the flow 
or the physicochemical properties of adsorbents, although adsorption/ 
desorption kinetics were slower in doped samples or humid conditions.

In future work, carbon xerogels should be activated to develop the 
microporosity and thereby, adsorption capacity, but as demonstrated, 
heteroatoms exerte a negative effect on the adsorption of non-polar 
VOCs, which may help in the selection of appropriate raw materials, 
and in the adaption of synthesis procedures for specific adsorbents.

CRediT authorship contribution statement
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