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Effective ethylene (C2Ha4) control technology in postharvest agriculture is critical for minimizing crop
wastage and improving supply chain efficiency. Here, we simulate the adsorption of C2H4 on cellulose,
chitosan, copper cluster, and gold cluster using the framework of density functional theory. In all studied
complexes, the adsorption processes of C,Hs are spontaneous, indicated by negative adsorption
energies. The interaction of C,H. with cellulose and chitosan is generally described as physisorption,
where minimal orbital hybridization is visible and long-range interaction distances are measured. The
low magnitude of adsorption energies yields a recovery time of 10!-10° s at 298 K under UV incident
radiation. The results of both copper and gold clusters show that the magnitude of adsorption can be in
the regime of chemisorption and physisorption. In addition, the recovery time for copper and gold
clusters can reach the range of 10%s and 10's, respectively. The electron localization function and
frontier orbitals revealed a strong hybridization between the copper and gold clusters with C,Ha, further
explaining the claim. The chemisorption character is also evident in the increased absorption intensities
in the UV region of copper and gold clusters upon CzH4 adsorption. These observations are potential
sensing properties of the metal cluster for ethylene. The analysis of the electronic density of states
revealed that the copper and gold clusters generally maintain their metallicity after the attachment of
the C,Ha, except for minor broadening of peaks. The paper provides an in-depth perspective on CzH4
adsorption with biopolymers and metal clusters, providing future insights and clarifying previous
experimental studies. These findings will serve as a reference for designing selective and low-cost
materials for C2H,4 regulation technologies in postharvest agriculture.
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1. Introduction

Ethylene (C2H4) control technologies for postharvest storage for climacteric fruits and
vegetables are crucial as they can minimize crop wastage during the postharvest stage [1,2].
Surveys indicate that wastage of fruits and vegetables can range from 20% to 50% in the supply
chain [3,4]. One of the prominent problems is the uncontrolled ripening of climacteric fruits
and vegetables. Less than 1.0 ppm of C2H4 in storing climacteric fruits and vegetables will
trigger the biochemical activity related to respiration [5]. It is, therefore, relevant to develop
technologies that can trap and detect CoHs molecules to improve postharvest management.
Various C;Ha regulators are currently utilized in the market. Standard CyHs control
technologies used natural zeolites, titanium dioxide (TiO2), activated carbon, potassium
permanganate (KMnOa), and C2Ha inhibitors [3,6,7]. However, few efforts have been made to
maximize the potential of cellulose, chitosan, and metal clusters for CoH4 control.

The importance of biopolymers has found its way into many applications, ranging from
building materials, adsorbents, filters, and even electronics [8]. In particular, the interest in
biopolymers stems from their associated eco-friendly properties, low cost, scalability, and
compatibility with high-performance nanomaterials. Aligned with this are the transition metal
nanoparticles widely investigated in various application technologies, including chemical
adsorbents and sensor technologies [9-13]. For example, cellulose modified with a cationic
polyelectrolyte polyvinyl amine polymer filter effectively removes bacteria [14]. The
composite of chitosan, graphene oxide, and ZnO was successfully fabricated and tested to
capture CO2 with only a 4.35% loss of adsorption performance after ten cycles [15]. Similarly,
metal clusters are also established materials in many applications. For instance, it is revealed
that gold nanoparticles (AuNP) are effective as a colorimetric sensor for detecting cations,
anions, and small molecules such as glucose, dopamine, and cysteine [16]. In other work,
copper-based nanoparticles can function as and be selective for CO2 gas separation,
antimicrobial, and dye adsorbents [17,18]. Despite the diverse reports on applying cellulose,
chitosan, copper-based, and metal nanoparticles for sorbent technologies, foundational studies
on CyHs adsorbed on these materials are scarce. Detailed research evaluating the CzH4
adsorption on various materials will be crucial for discovering effective adsorbents and sensor
technology to mitigate wastage in fresh produce.

The experimentation on the performance of materials for adsorbent applications is
costly and relies heavily on trial-and-error procedures. To reduce the cost and time, quantum-
based simulations are used to study the behavior of electrons in a crystal or molecular
structures; this is useful for predicting exotic properties of new materials, providing proof-of-
concept for materials application, and explaining experimental findings [19-22]. For example,
the evaluation of graphene oxide using the DFT framework shows that it can help trap
perfluorinated compounds in water systems [23]. Other work revealed that the interaction of
gas molecules adsorbed on MXenes demonstrates their sensing performance and explains the
underlying concepts [24-26]. Although the simulation of the C,Hs interface with various
materials is generally limited, we have found few studies studying TiO2, doped-graphene, and
metal clusters in complexes with CoHs [27-31]. Most research interest, however, lies in the
mechanism of catalysis rather than in the adsorbent and sensor function.

In this work, we explain the adsorption mechanism of the C2Hs molecule on the surface
of cellulose, chitosan, Cussg cluster, and Aus. cluster using the density functional theory with
dispersion correction. The findings reveal that the adsorptions are all exothermic reactions.
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Strong adsorption is computed with the Cu1s-C2Hs and Auz2-CoHa complexes. In contrast, the
low magnitude of the adsorption energy and long-range interaction distances are measured for
the cellulose-C2H4 and chitosan-CoH4 complexes. The density of states and UV-Vis spectra
reveal a potential sensing performance of the Au cluster. Overall, this work demonstrates the
proof-of-concept of biopolymers and metal clusters as trapping material for CoH4 and explains
the mechanism behind the adsorption. With these findings, we anticipate this work will help
narrow down the potential materials for C2H4 control technologies.

2. Computational Details

All simulations are performed using the Quantum ESPRESSO code for materials
modeling [32,33]. The optimized norm-conserving pseudopotentials and the Perdew-Burke-
Ernzerhof (PBE) functionals are used to treat the exchange-correlation contributions of the
studied systems [34,35]. The plane-wave energy and charge cutoffs are set to 60 Ry and 240
Ry, respectively. For the self-consistent field (SCF) calculation, an energy tolerance of 108 Ry
is used for the convergence with Gaussian smearing to speed up the convergence. The treatment
of dispersion between intermolecular systems is described by the Grimme-D3 correction,
which shows good agreement with experimental values with minimal increase in the simulation
time [36]. At least a 15 A vacuum is introduced between adjacent images to minimize the
interaction between isolated structures. The Broyden—Fletcher—Goldfarb—Shanno (BFGS)
algorithm is used to optimize the calculations of the atomic structures. The optimized atomic
configuration of the systems is estimated using the standard force and energy convergence
tolerance of 10 Ry/Bohr and 10 Ry, respectively. The gamma-point algorithm is used in all
optimization computations.

The affinity of the CoHs on the cellulose and chitosan is quantified by the adsorption
energy Ead, which is defined as

EAd = ECompleX - EAdsorbent - E:Ethylene (1)

Here, Ecomplex, Eadsorbent, and Ekethyiene denote the total energy of the complex, as well as
the adsorbent material and CoHa. The recovery time, Tr of the C2H4 on the adsorption sites, is
computed using the following formula,

Ead

Tg = —e k8T )

Vo

The Boltzmann constant, temperature, and incident radiation frequency are denoted by
ks, T, and vo, respectively. The Tr is the duration for an adsorbent to release the attached CzHa,
allowing the materials to return to their original state.

To characterize the bonding character of the studied complexes, we compute the
electron localization function (ELF). The ELF provides a measure of the likelihood of finding
an electron pair in a given region of space defined as follows [37],

1N 2 1Vn(r)
5 2i=1 VWil —g o5
ELF = — where  x(r) = X¥— 10 (3)
1+x(r) %(31-[2)511(1-)5
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Here, n(r) and v depict the electron density and wavefunctions, respectively. The
ELF has been proven helpful in distinguishing the nature of bonds within molecules and
materials. The value of the ELF ranges from zero to unity, where ELF > 0.7 indicates electron
localization similar to a chemical bond, and 0.2 < ELF < 0.7 indicates metallic bonding
characteristics. The atomic configurations, ELF 2D contour, and frontier orbitals isosurface are
plotted using VESTA [38,39].

To compute the electronic density of states of the Cuis-C2Hs and Ausz-C2Hs complexes,
we used the hybrid PBEO functional to treat bandgap underestimation of the PBE. The
absorbance intensity of the Cuis-CoHs and Ausz-CoHs complexes is estimated using time-
dependent density functional theory (TDDFT), applying the Liouville-Lanczos approach
[40,41]. A total of 3,000 Lanczos iterations is used to calculate the spectrum as benchmarked
from the reference [40].

3. Results and Discussion

First, the ground-state atomic configurations of cellulose and chitosan biopolymers are
analyzed and validated with available experimental data. Next, the complex’s adsorption
energy, recovery time, interaction distance, and bandgap are examined to quantify the bonding
characteristics. The electron localization function (ELF) and isosurface of frontier molecular
orbitals are discussed to visualize the hybridization of electrons and their topology. These
analyses are repeated for the discussion on Cuis-CoHs and Aus-CoHs complexes with
additional information on the density of states and UV-Vis absorption spectra.

The cellulose and chitosan molecular models are modeled with four units comprising
87 atoms and 91 atoms, respectively. We compare these optimized structures with experimental
results to validate the molecular models and the level of theory used. In the optimized
configuration, the measured units of cellulose and chitosan are 10.51 A and 10.24 A,
respectively. Meanwhile, experiments show that the dimensions of the unit of cellulose and
chitosan in crystal form are 10.38 A and 10.31 A, respectively [42,43]. We highlight that the
main difference is that the prototype structure is isolated with only two units, while experiments
are in a bulk structure and at a higher degree of polymerization. Nevertheless, the disagreement
for the unit length for cellulose and chitosan is only 1.25% and 0.67%, respectively.
Furthermore, the measured bandgap of cellulose and chitosan is 4.45 eV and 4.02 eV, while
experimental reports give 4.5 eV and 4.07 eV [44,45]. This comparison demonstrates DFT’s
predictive capability to estimate and confirm experimental values, even at the PBE level
treatment of the exchange-correlation functional.

Now, we analyze C;H4 adsorption on the cellulose and chitosan using equation (1).
According to Table 1, the calculated adsorption energy of C2Hs on the cellulose ranges from -
0.16 eV to -0.20 eV, and chitosan has values ranging from -0.09 eV to -0.21 eV. All
configurations of the cellulose-CoHa (Figure 1) and chitosan-CoHa (Figure 2) complexes
maintain an interaction distance of 2.42 A to 2.75 A. For both cellulose-C2H4 and chitosan-
CoHa complexes, it is observed that the strong interactions of CoH4 attached to the backbone of
cellulose and chitosan, mainly due to wider surface interactions, as depicted in Figure 1(c) and
(d) and Figure 2(c) and (d). Compared with literature, the Eags values’ magnitude is lower than
that of the B12P12 cluster, with adsorbed C2H4 having an energy of -0.32 eV (-30.7 kJ/mol) [46].
These computed Eags are also close to the graphene-CoHs and WSe,-CoHa systems with
adsorption energies of -0.14 eV and -0.19 eV, respectively [31]. From an experimental

perspective, a notable work by Rad et al. shows that the chitosan-rich films show poor bonding
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performance of CoH4 compared to zeolite-rich films [47]. These findings support our claim that
C2Has weakly interacts with the chitosan.

Table 1. List of the adsorption energy (eV), recovery time (s), equilibrium interaction distance (A), and bandgap
(eV) of CoH,4 adsorption on various sites of cellulose, chitosan, Cuzs, and Ausz. The estimated bandgap at the
GGA-PBE level approximation for cellulose, chitosan, Cuzs, and Aus; is 4.45 eV, 4.02 eV, 0.67 eV, and 1.54

eV, respectively.

Systems Adsorption Recovery time Interaction distance Bandgap Bon_din_g
energy (eV)Ead (5)Tr (A) dmin (eV) Egap description
Cellulose - CaH4
Configuration — 1 -0.16 5x 1010 2.42 4.32 Physisorption
Configuration — 2 -0.16 5x 1010 2.44 4.35 Physisorption
Configuration — 3 -0.20 3x10° 2.62 431 Physisorption
Configuration —4 -0.20 2 x10° 2.75 4.30 Physisorption
Chitosan - C2Ha
Configuration — 1 -0.09 3x101 2.64 4.06 Physisorption
Configuration — 2 -0.09 3x10 2.60 4.03 Physisorption
Configuration — 3 -0.21 3x10° 2.65 4.02 Physisorption
Configuration — 4 -0.21 3x10° 2.72 3.98 Physisorption
Cuis - CoH4
Configuration — 1 -0.85 3x10? 2.12 0.51 Chemisorption
Configuration — 2 -0.18 1x10° 2.69 0.69 Physisorption
Configuration —3 -0.82 8 x 10t 2.12 0.68 Chemisorption
Ausz - CoH4
Configuration — 1 -0.75 4 x 100 2.27 1.40 Chemisorption
Configuration — 2 -0.32 2 %1071 4.28 1.53 Physisorption
Configuration — 3 -0.74 4 x10° 2.28 1.40 Chemisorption

(©)

(d)

Figure 1. Optimized molecular configurations of C2H4 adsorbed on cellulose: (a) Configuration-1 (near the

hydroxymethyl group); (b) Configuration-2 (near the hydroxyl group); (c) Configuration-3 (on the cellulose
backbone); (d) Configuration-4 (on the cellulose backbone).
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(©) (d)
Figure 2. Optimized molecular configurations of C.Ha4 adsorbed on the cellulose: (a) Configuration-1 (near
the hydroxymethyl group); (b) Configuration-2 (near the amine group); (c) Configuration-3 (on the chitosan
backbone); (d) Configuration-4 (on the chitosan backbone).

To quantify the estimated time for the C2H4 to be released from the adsorption site
under the influence of UV radiation at 298 K, the recovery time is computed using equation
(2). Table 1 lists the recovery time (Tr) for C2Ha in cellulose and chitosan as 0.5-3 ns and
0.03-3 ns, respectively. The interaction is maximized when C2Ha is adsorbed on the cellulose
and chitosan backbone. This result is a characteristic of physisorption, where a wider
interface area leads to stronger adsorption energy. The short Tr is due to the weak adsorption
energy and long-range interaction distances. It is suggested that the CoH4 molecule can easily
desorb on the surface of cellulose and chitosan.

Turning to the Cuis and Aus; clusters with adsorbed CoHa, both systems yield a
maximum magnitude of adsorption energy of -0.85 eV (Figure 3a) and -0.75 eV (Figure 4a),
respectively. Weaker Eags are computed in Figure 3(b) and Figure 4(b), where both
complexes yield longer interaction distances of 2.69 A and 4.28 A. The results in Figure 3(c)
and Figure 4(c) reproduce the trend in the adsorption energy of Orientation-1 of both
complexes, revealing multiple strong binding sites for CoH4 adsorption. In comparison, for
a Cu(110)-C2Ha, results range from -0.076 eV to -0.60 eV using B3LYP hybrid functional
[48]. Other reports on Au cluster-CzHs yield a magnitude of 0.53 eV to 1.58 eV in a # mode
interaction, i.e., when two C atoms of C>H4 bind with a single Au atom of the cluster [49].

(b) (c)

Figure 3. Optimized molecular configuration of Cuig-C2H4 complexes: (a) Orientation-1; (b) Orientation-2;

(c) Orientation-3.
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Q
Q

(b) (©)
Figure 4. Optimized molecular configuration of Aus,-C,H4 complexes: (a) Orientation-1; (b) Orientation-2;
(c) Orientation-3.

To improve our understanding at the fundamental level, we plot the frontier
molecular orbitals of the optimized molecular structures. Figures 5(a) and (b) display the
highest and lowest molecular orbitals of cellulose and chitosan with the C2Hs molecule
represented by an isosurface set at 5 x10™ e/AZ. In both cases, minimal hybridization of the
orbital characters is visible, which is the usual nature of weakly bonded systems. This
characteristic is also noticed in systems where the adsorption energies’ magnitude is lower
than 0.5 eV. In reference to the ELF definition provided in equation (3), the ELF 2D contour
plot revealed that blue basins represent low values of ELF. This confirms that the primary
interaction is mainly due to minor charge redistributions, which drive the attractive
electrostatic interaction.

Electron Localization Function Electron Localization Function

(a) (b)
Figure 5. Highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO), and
electron localization function (ELF) of (a) cellulose-C2H4; (b) chitosan-CoH4 complexes. The isosurface of
the molecular orbital is set to 0.0005 e/A2,
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Turning our attention to metal clusters, Figures 6(a) and (b) show the frontier orbital
distribution of Cuis-CoHs and Ausz-CoHa complexes, respectively. The Cuis-C2oHa highest
occupied molecular orbital (HOMO) overlapped, indicating strong hybridization of orbitals
between constituents. This type of hybridization was not observed in cellulose-C2H4 and
chitosan complexes, clearly distinguishing their nature of bonding. Meanwhile, for Aus.-
C2Hg, it is observed that the lowest unoccupied molecular orbital (LUMO) is hybridized.
Both of these findings demonstrate the strong bonding between constituents. These results
are also verified by the 2D ELF contour of the complexes presented in Figures 6(a) and (b).
The ELF basins of Cuis and C2H4 overlapped, and the cyan basin at the interface indicates a
metallic bonding, indicated by the value of the ELF of 0.2-0.3. Such results are also noted in
the Ausz-C2Hs complex, in which the ELF of the constituents overlaps. Overall, these
electron topologies display that Cuig and Aus. are good trapping materials for C2H4 because
the shared electron type of bonding results in strong adsorption energy.

Electron Localization Function

Highest Occupied Molecular Orbital ~ Lowest Unoccupied Molecular Orbital Electron Localization Function
(b)
Figure 6. Highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO), and
electron localization function (ELF) of (a) Cuis-C2Ha4; (b) Aus.-CoHa complexes. The isosurface of the
molecular orbital is set to 0.0005 e/A2.

Due to the strong interaction of the metal clusters and C2Hg4, the density of states of the
Cu1s-C2Hs and Ausz-CoH4 complexes are computed and presented in Figures 7(a) and (b),
respectively. The density of states is crucial for understanding the bonding characteristics and
providing insights into the electrical and optical properties. It is evident in Figure 7a that the
density of states of Cuig and minor alignment of the states are visible upon adsorption of CoHa.
Orientation-1 of the Cu1s-C2Hs complex yields a significant decrease in the bandgap to 0.51
eV from 0.67 eV measured for isolated Cuis. Meanwhile, Orientation-2 and Orientation-3 of
the Cu1s-C2H4 complexes give a bandgap of 0.69 eV and 0.68 eV, respectively. For Auzz-CoHa

https://biointerfaceresearch.com/ 8 of 14


https://doi.org/10.33263/BRIAC155.067
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC155.067

complexes, it is computed that the Ausz2-C2H4 complex gives 1.40 eV (Configuration — 1), 1.53
eV (Configuration — 2), and 1.40 eV (Configuration-3). Such a bandgap value is close to the
isolated bandgap of Auzz (1.54 eV).
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In general, the sensitivity of the material’s bandgap in response to attached analyte can
be utilized as a sensing criterion. The sensing ability can be quantified by measuring the sensing
material’s electrical or optical properties [50]. Here, we simulate the UV-Vis spectra of Cuzs
and Auz, with attached CoHs using time-dependent density functional theory to give an
additional perspective on the observables. Figure 8 shows that the adsorption of C2Hs on the
Cuis and Aus; increases the absorption intensity in the UV region. For the Cuss cluster, the
initial peak at 213 nm shifted to 227 nm, 217 nm, and 217 nm for Orientation-1, Orientation-
2, and Orientation-3, respectively. For the Aus,-C2H4 complexes, the absorption spectra of the
Auz significantly change upon interaction with C2H4 in Orientation-1 and Orientation-3. The
major peak of Ausz at 207 nm is shifted to 209 nm in Orientation-2. The major peaks of
Orientation-1 and Orientation-3 are unclear from the computed data, but we observed nontrivial
differences between the two spectra and consistent responses.

Based on these findings, we speculate that Au-based nanoclusters are more promising
than Cu-based nanoclusters because of their coherent response of the UV-Vis spectra upon
interaction with C2Ha. In here, the spectral shifts and absorbance intensity variation owed to
C:Ha adsorption on the metal clusters could be utilized for an optical sensor using portable UV-
Vis spectrometers. Such optical sensors could be integrated into storage facilities to detect CoHa
concentrations. In addition, the aforementioned altered bandgap modifies the electronic
conductivity of the Cuis cluster, which could be measured via current-voltage (I-V) curves in
a sensor device. This approach aligns with established methods for gas sensing using metal
nanoparticles, where changes in electrical properties correlate with analyte adsorption.

The adsorption of CoHs on the cellulose, chitosan, Cusg cluster, and Aus. cluster is
simulated using density functional theory. The calculations revealed that the adsorption of CoH4
on cellulose and chitosan is mainly driven by physisorption, as reflected by the low magnitude
of adsorption energy and long-range interaction distances. Analyzing the ELF and frontier
molecular orbitals verifies this claim. Meanwhile, Cuig and Ausz interface with C2H4 revealed
strong adsorption energy and orbital interactions, concluding that the interaction is driven by

shared electron bonding or chemisorption. The electronic structure and optical spectra analysis
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showed that Cuig and Aus. are sensitive to C2Hs, changing the bandgap and, thus, the UV-Vis
absorption spectra intensity and peak position. Building from these findings, it is recommended
to pursue work to study the electronic structure and 1-V curve of the 2D materials decorated
with metal clusters for CoHs sensing performance. In addition, a study on the chemical
functionalization of cellulose and chitosan can be beneficial for maximizing the potential of
these biopolymers for trapping CoHa.

70 |

----- Gold Cluster
\ Gold Cluster - Ethylene (Orientation - 1)
60| | Gold Cluster - Ethylene (Orientation - 2)
25 " — Gold Cluster - Ethylene (Orientation - 3)
——  Copper Cluster
Copper Cluster - Ethylene (Complex - 1)

N
(=]

Copper Cluster - Ethylene (Complex - 2)

——  Capper Cluster - Ethylene (Complex - 3)

40

)
(=)

Absorption Intensity

20

200 250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 8. Absorbance spectra of Cuis-CoH4 and Auis-C2H4 complexes are indicated by solid lines and dashed
lines, respectively. The spectrum is estimated using time-dependent density functional theory (TD-DFT) with
3,000 Lanczos iterations using the GGA-PBE exchange-correlation functional.

4. Conclusions

The mechanism of C2H4 adsorption on cellulose, chitosan, copper cluster (Cuzs), and
gold cluster (Ausy) is studied using the framework of density functional theory. The results
demonstrate that the interactions between cellulose-C2Hs and chitosan-CoHs complexes are
generally described as physisorption, where minor charge redistribution causes a weak
attractive interaction. In addition, the magnitude of the adsorption energies of cellulose-C2Ha
and chitosan-CzHs is low (<0.5 eV), leading to a short recovery time value of less than a
nanosecond. This claim is confirmed by the non-overlapping ELF at the interface and weak
hybridization of frontier orbitals between constituents. Meanwhile, for Cuig-C2Hs and Auz.-
C2Ha systems, the adsorption is mainly characterized as chemisorption, where ELF basins and
frontier orbitals of constituents overlap. This result leads to higher adsorption energy (>0.5)
and a longer recovery time in seconds. The C2H4 adsorption on the Cuzg and Ausz resulted in a
minor redistribution of electron density of states near the Fermi energy, changes in the bandgap
of the clusters, and increases in the absorption intensity of the UV region.

This study evaluates the potential of biopolymers and metal clusters for C2H4 control
technologies for postharvest agriculture. For future research on material synthesis, the findings
suggest functionalizing biopolymers with metal nanoparticles such as Cu and Au nanoclusters
to combine cellulose and chitosan's eco-friendly, scalable properties with the strong
chemisorption of metal clusters, enhancing C2H4 trapping capabilities. Similarly, Cu and Au
nanoclusters could be incorporated into chemiresistive sensors, utilizing bandgap changes for
conductivity-based detection via current-voltage (I-V) measurements. Various derivatives and
nanocomposites of cellulose and chitosan with nanomaterials are also worth exploring

https://biointerfaceresearch.com/ 10 of 14


https://doi.org/10.33263/BRIAC155.067
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC155.067

experimentally and through simulation. The findings both provide directions in engineering
materials for CoH4 control technologies and explain the fundamental adsorption mechanism of
C2Hs on chitosan and cellulose biopolymers and Cuig and Ausz. metal clusters. This work
provides a roadmap for tailoring low-cost biopolymers and high-efficiency metal clusters for
agricultural storage systems. In addition, the findings presented here can also be extended to
C2Hsadsorbents in the form of coatings and smart packaging systems.
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