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Nickel-doped Zeolite cluster as adsorbent material for the adsorption
of biodiesel oxidation products: Approach from computational study
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Abstract:  This study investigates the
adsorption behaviour of various biodiesel
oxidation products onto the surface of nickel-
doped zeolite as an efficient adsorbent zeolite
(Ni-clo) through adsorption studies, quantum
theory of atoms in molecules (QTAIM)
analysis, and sensor performance evaluations
using density functional theory. Adsorption
studies reveal strong interactions between the
surface and the biodiesel products, with ketone
compounds exhibiting the most negative
adsorption energy, indicating strong attraction
to the Ni-clo surface. QTAIM analysis further
elucidates the nature of these interactions,
showing moderate to strong covalent bond
formations and structural stability across all
systems. Sensor performance evaluations
highlight the electrical conductivity, charge
transfer mechanism, back donation, and the
fraction of electron transfer, indicating the
potential of the sensor device to detect and
desorb the targeted adsorbate. The findings
suggest that the complexes exhibit relatively
high reactivity. Overall, this comprehensive
investigation provides insights into the
adsorption behaviour and sensor performance
of organic compounds on a Ni-clo zeolite
surface.
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1.0 Introduction

Biodiesel has been used as a substitute for
petrodiesel in the transportation sector (Konur,
2021). Its main constituent is fatty acid methyl
esters which are usually obtained in a process
involving the transesterification of fats
(animals or plants) with simple alcohols having
short chains with methanol being mostly due to
its cheap cost (Belousov et al., 2021Boss et al.,
2022). In many countries, the use of biodiesel
has increased over the years while in other
countries it remains at an infancy status (Das
andGundimeda, 2022). Biodiesel possesses
more advantages than petrodiesel due to its
reduced emissions of exhaust, biodegradability,
domestic origin, and inherent lubricity (Das
and Rokhum, 2024; Boas et al., 2022). Despite
the many advantages of biodiesel, some
shortcomings in its use have been observed
where it auto-oxidizes at low temperatures and
exhibits low thermal stability (Nielson, 2020;
Tarhenia, 2020). Increased soot formation from
the decomposition of biodiesel occurs due to
the presence of C=C double bonds in the
unsaturated fatty acid methyl esters (FAME:s)
(Wei and Wang, 2021). Low combustion and
reduced efficiency power can be triggered
when there is a high level of unsaturation in the
FAME molecules which affects oxygen content
as well (Jafarihaghighi et al., 2020). The
utilization of many feedstocks for the
production of biodiesel varies concerning the
region and its climate condition (Sing et al.,
2020). For example, Thailand utilizes coconut
oil, soybean oil is commonly used in the United
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States and Brazil and palm kernel oil is often
used in Southeast Asia regions (Mar et al.,
2022; Lafarga, 2021). The similar
characteristics of biodiesel to fuel such as
complete miscibility have aided in its rising
exploitation economically and its most
common proportions (B2 and Bs) are used
without modifications in engines (Malode et
al., 2022; Xia, 2021). Therefore, gaining
insights into the interaction and molecular
effect of biodiesel on surfaces is of great
importance in the effective augmentation and
prediction of the performances of various fuel
systems (Lee et al., 2021). In the past years,
major success in the chemical industry in
reducing environmental impact can be
attributed to various catalytic reactions that are
utilized worldwide (Ravanchi and Sahebdelfar,
2021). Catalysts perform the role of
accelerating reaction rates and still maintain
their originality and are destroyed or
unrecovered when undergoing some secondary
processes (Di et al., 2021; Wang et al., 2023).
However, catalyst varies ranging from
chemical to solid-supported catalysts (Aktary
et al.,2024). Solid supported catalyst holds the
phenomenon where reactive species are scarfed
or grafted on a support material, therefore,
enabling their recoverability and reusability for
various procedures (Macfarlane et al., 2022).
For an efficient solid-supported catalyst, an
excellent supporting system having dispersed
active species is required (Sachdeva et al.,
2022). This process of using a solid supporting
catalyst in a system is known as heterogeneous
catalysis which is a fast-rising area of science
due to its good attributes of cost-effectiveness,
high selectivity, and energy efficiency
(Belousov et al., 2022; Chaudhary et al., 2024).
One of the first applications of heterogeneous
catalysts was in the industrial field where
nickel was used in producing margarine
through hydrogenation of fats and oils
(Mamontova et al., 2023, Toshray, 2024) Due
to the robustness of transition elements, it has
gained attention from researchers especially
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nickel (Ni) and palladium (Pd). These elements
are diversified and easily modified to fit
various applications (Ren er al.,, 2021;
Wickham and Giri, 2021). In recent times, Ni
has been widely used due to its highly reactive
nature, high nucleophilic behaviour, small size,
less toxicity, and abundant nature, unlike the
other elements (Claver et al., 2020). These
characteristics position Ni to be a good base for
the adsorption and transformation of organic
molecules that can be utilized in biodiesel
development. Furthermore, the properties of Ni
can be used to heighten the behaviour of
various surfaces (Prabakaran et al., 2023).
Zeolites, (CLO) a porous framework has been
modified in recent years due to its selective
adsorption nature (Dehmani et al., 2023). . The
discovery of zeolite was in the 18" century by
Axel Fredrik, a Swedish mineralogist, who
shed light on its properties and since then
Zeolite has been introduced into the agriculture
field (Bahrani et al., 2021). Zeolite has been
characterized to have a high surface area, with
a high potential to exchange ions which is
important for a catalytic process (Zhang et al.,
2022). Electron migration allows for
dehydration to be reversed. Its high acidity, and
thermal stability endeared attention to it in the
industrial and environmental applications
(Quadri et al., 2022). . Any member of the
hydrated alumino-silicate mineral family is
known as zeolite and they are classified based
on the elements that make the entire
framework. Due to the porous nature and the
interconnectivity of the zeolite cavities, it can
undergo a strain of modifications and serve as
a catalyst and strong adsorbent in diverse
chemical processes (Chen et al., 2020; Mallet
et al.,2024). According to Du et al., (2022) in
their study on pore structure and oxidation
activity of soot formation from biodiesel use.
Their findings state that soot reactivity
increased when the surface became larger and
the porosity became higher. The high oxygen
content and low iodine number participated in
the reduction of PM emissions and the
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oxidation of the soot formed was accelerated
(Du et al.,2022). In the literature of Blank and
team on the various species of lubricant
additives and their adsorption properties, it was
concluded that the reactivity of protic
molecules correlates with their adsorption
energies and carboxylic possessed greater
adsorption energy than alcohol using a y-
alumina surface (Blank et al., 2020).In a work
by Zhang et al.(2021) on the high performance
of nanoparticles in the production of biodiesel.
Fe;04@SBA-15-NH2-HPW surface
showcased  high  efficiency in  the
transesterification of palm oil using methanol
and a high reusability potential. Also, in a
comprehensive  study encompassing the
immobilization of a biodiesel model (lipase) on
metal-organic frameworks (MOFs) by Shomal
et al., Hierarchical mesoporous (ZIF-8 and
ZIF-67) exhibited high catalytic activity having
a conversion rate of 90% while HKUST-1 had
a stronger chemical adoption enabling it to
possess an increasing degree of reusability
(Shomal et al., 2022). In this present study, five
models of biodiesel (organic molecules);
alcohol, aldehyde, ketone, carboxylic acid, and
aromatic compounds were grafted on the Ni-
CLO surface model, respectively. For the
modification of the CLO pure surface to
improve its properties, a single doping was
performed, where one Ga atom was replaced
with Ni. The interacted surfaces with the
respective organic molecules were further
optimized at a calculation method of
DFT/B3LYP-D3Bj/LanL2DZ. This research
aims at understanding adsorption pathways and
gaining insights into the modelling of surfaces
for the improvement of biofuel surfaces,
therefore, also providing data on possible
production of more efficient biodiesel models.
Employing the first principle density function
theory (DFT), the system's adsorption energies,
nature of the bond, and interaction were
ascertained.

2.0 Computational details
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For the conceptualization of this study, a
member of these organic compounds; alcohol,
aldehyde, ketone, carboxylic acid, and
aromatics are adsorbed on the Ni-CLO surface.
The adsorption process is investigated using
the density functional theory (DFT) at the
B3LYP-D3BJ/LanL.2DZ method. Employing
the Gaussian09W software and Gauss view
6.0.16, (Gaussian, 2022’ Gauss view, 2023).
The systems were, sketched, optimized, and
studied at a functional of B3LYP and a basic set
of LanL.2DZ. The calculation method is known
for its maximum accuracy in adsorption studies
(Khanifira et al., 2020). Various mathematical
expression was employed in the evaluation of
the electronic properties, sensor mechanism,
and adsorption energies of the systems. The
equation shown below was used for the
determination of the adsorption energy
where Eyolecules  Esurface> and Ecomplex
represents the adsorbate, surface, and complex
energies.

Ead = Ecomplex - (Esurface + Emolecule) (1)
Chemcraft software is utilized for the
visualization of the HOMO and LUMO
energies and the Multiwfn application was used
for obtaining the variables of the quantum
theory of atoms-in-molecules (QTAIM)
(Chemcraft, 2020; Lu et al., 2012). In addition,
the visuals of the Non-covalent interaction
(NCI) analysis were carried out employing the
visual molecular dynamics (VMD) application
Humphrey et al., 1996).

3.0 Results and Discussion
3.1 Ni-atom Spin-multiplicity

Spin multiplicity is the total number of possible
spin states for electrons in the outermost shell
of'a metal atom (Sararaz et al., 2024). The spin
values consist of ‘up’ or ‘down’. Each electron
in the atom contributes to the total spin state
and the spin multiplicity accounts for all the
possible combinations of these spins (Mariam,
2001). The spin multiplicity is calculated using
the formula:
(2S+1) (2)
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where S is the electron spin quantum number
and it can be calculated using the formula [50]:
S = [Xiysil (3)
For this study, the spin multiplicity of Nickel
is been analyzed. Nickel is a transitional metal
with atomic number 28 thus it has an electronic
configuration of [Ar]3d®4s? (Galperin et al.,
1970). Thus to calculate its spin multiplicity,
we know that there are 8 electrons in the 3d
orbital and each electron has a quantum spin of
s=0.5. Applying equation 2 to find the total spin
quantum number:

1 1
S = ?=1E|=|4XE|=2
Then apply equation 1 to calculate spin
multiplicity: =2x2+1=5

Therefore the spin multiplicity of nickel is 5
which indicates that there are 5 possible spin
states for the valence electrons in nickel
(Fujimori and Minami, 1984(. Now from
Table 1, four possible spins are recorded:
singlet, triplet, quintet, and septet spins. The
relative energies range from 0 to 0.2
approximately. The lower the relative energies,
the more stable the atom. From the data below,
the triplet multiplicity possesses a relative
energy of zero. This means that, at triplet spin
multiplicity, the Ni atom is in its ground state
indicating that the triplet state is energetically
favoured over other spin states (Upton ef al.,
1978). The reactivity of Ni in terms of
multiplicity will then fall in increasing order:
triplet > quintet > singlet > septet. The triplet
state can even affect the magnetic behaviour of
the atom thus since unpaired electrons are
present the Ni atom may experience
paramagnetism making the system susceptible
to alignment in an external magnetic field
(Alonso, 2000). These spin multiplicities may
also impact the catalytic activity and selectivity
of these complexes by affecting the
accessibility of different electronic states and
reaction pathways(Vogiatzis et al., 2018).

3.2 Structural analysis

The structural analysis is carried out to
understand the stability of the compounds in
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terms of their bond lengths(Bag et al., 2017).
Table 2 gives a piece of vivid information on
the different bond lengths in the compounds.
From the results, the surface Ni-clo is been
analyzed first. One atom of nickel is been
doped on the zeolite surface and forms single
bonds with three oxygen atoms O7, Og, and Oo.

Table 1. Spin multiplicity of Ni in singlet,
triplet, quintet, and septet states evaluated
at the B3LYP-D3BJ/LanL2DZ method.
Energies measured in atomic units (a.u)

Multiplicity Total Relative
Energies Energies
(a.u) (eV)
Singlet -958.281644 0.1300
Triplet -958.412712 0.000
Quintet -958.353003 0.059
Septet -958.186239 0.226

The bond formed between Ni and Os is of more
interest since it’s the only bond that tends to
distort when biodiesel product interacts with
the surface. The Nizs-Og has a bond length of
1.893A. Gaie-Hz1, Gais-O17, and P12-Hz4 bonds
are also considered negligible for all the
compounds as some of their magnitudes differ
by just 0.001. For the interactions, the major
bonds of interest occur between Ni and an atom
from the biodiesel products. The biodiesel
products include alcohols with OH functional,
aldehydes with CO functional, aromatics with
double bond/ rings as a symbol of their
functionality, carboxylic acids with functional
COOH and ketones with CO functional
(Gundekari et al., 2020). 11 these products tend
to behave differently due to their functional
groups since functional groups decide on the
chemical behavior of compounds (Hrabic and
Keefer, 2002). From the second column on
Table 2, the bond length between Ni and the
targeted functional groups is being observed.
The alcohol interaction ALC-Ni-clo forms an
interaction between Nizs and Os33 from its OH
functional at a magnitude of 1.953A while the
aldehyde forms the bond Nis-O31 with the
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oxygen atom arising from it CO functional
group at a magnitude of 1.926A. The aromatic
compound which is typically benzene has a
bond distance of 2.83A from Nizs since it
doesn’t form any actual bond with the surface.
The carboxylic acid compound forms the bond
Ni2s5-O31 from its COOH functional at a length
of 1.974 while the ketone compound forms the
bond Ni»s-O»7 from its — functional at a length
of 1.98A. From the interactions discussed
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above, we can see that the aldehydes form the
smallest bond length with the surface followed
by the alcohol group then the carboxylic acid
group, ketone and lastly the aromatic group
which happens to form the longest bond length
with the surface. This means that the surface
Ni-clo forms more stable interactions with the
aldehydes and alcohols, moderately with the
carboxylic and ketones and unstable with the
aromatics.

Table 2. Bond lengths formed within the surface and interactions measured calculated at the

B3LYP-D3BJ/LanL2DZ

Compound  Ni25-08 Ni25-Functional Gal6-H21 Gal6-O17 P12-H24
A) Group (A) A) A) A)
Ni-clo 1.893 -- 1.554 1.808 1.432
ALC-Ni-clo 1.969 1.953 1.556 1.803 1.431
ALD-Ni-clo 1.914 1.926 1.556 1.804 1.431
ARO-Ni- 1.889 2.830 1.553 1.803 1.431
clo
CAR-Ni- 1.958 1.974 1.556 1.802 1.431
clo
KET-Ni-clo 1.977 1.980 1.556 1.804 1.431
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Fig. 1. Illustration of Ni-doped zeolite structure (Ni-clo)

3.3 Electronic properties

3.3.1 HOMO-LUMO analysis

Most literature reviews investigate the
electronic properties of any studied compound,
positioning the FMO (Frontier Molecular

% #oo

-

Orbital) study to be vital in understanding the
intricacies  surrounding  the electronic
properties of a system (Bakheit ef al., 2023).
The FMO has further been classified into two
major regions. These regions signify the
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position and flow of electrons from one state to
another within a system which characterizes
the electronic conductivity, therefore, affecting
the nature of stability of that system (Dearnaley
et al., 1970). The highest occupied molecular
orbital (HOMO) region acts as a point where
electron excitation is induced, propelling their
transfer from one orbital to the other, and is
often termed to be an electron donor (Maitra,
2017). In contrast to the HOMO, the lowest
unoccupied Molecular Orbital (LUMO) is
known as the electron-deficient region or
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vacant orbital, which readily accepts the
donated electrons from the HOMO (Etabu et
al., 2022’ Zhan et al., 2003). Notably, the
difference in the HOMO and LUMO regions
termed the energy gap is a crucial parameter in
quantifying the reactivity within a system. A
range of equations (a) — (e) has been utilized in
this study for the computation of Table 3 (Eddy
etal.,2011)

Electronegativity (y) = il

. (a)

Figure 2. Structural illustration of interactions between biodiesel products and the
Ni-clo surface

Chemical hardness (n) = p-rA (b)

Electron donating power (®" ) = (Z;zz ~

(3 IP+E.A)?

16(IP—E.A) ©
2

Electrophilicity index () = zi . (d)

Electrochemical potential () = -y (e)

All FMO studied parameters are presented in
Table 3. From Table 3, the energy gap values
(Eg) fall within the range of 3.3 eV to 4.3 eV

with a noticeable increase in the interactions.
These gap values evaluate the reactivity, and
stability of the modeled system concerning the
trends observed across the systems (Eemia and
Shahidehpour, 2013). Here, the Ni-CLO
surface exhibited a low energy gap value of
3.560 eV as compared to its interacted
counterparts, positioning it to be slightly
reactive with and high stability level. Within
the complexes, the ARO-Ni-CLO complexes
possessed the lowest energy gap value of 3.382
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eV while ALD-Ni-CLO complex holds the
highest energy gap values which infer ARO-
Ni-CLO to be least reactive with increased
stability while ALD-Ni-CLO is the most
reactive complex and the least stable which
agrees with existing literature on the subject.
Correlatively, the observation in the
electronegativity values shed light on an
electron potential to attract electron positions
(Cherkasov et al., 1998). ARO-Ni-CLO
possesses the highest electron-attracting ability
due to its large electronegative value. The high
electrophilicity index values of the complexes
suggest them to be strong electrophiles
(Chartaraj and Roy, 2007). and Ni-CLO
surfaces to exhibit a better adsorption rate for
the studied five organic compounds.
Furthermore, a minimal decrease in the
chemical hardness values of the complexes as
compared to the pure surface (Ni-CLO) depicts
a slight increase in the reactivity of the system
upon adsorption (Gber et al., 2023). The
pictorial representation of electron transfer
from one region to another within the systems
is presented in Fig. 3, this explicitly collates
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element contribution by the evaluation of
element behaviours. Iso surfaces representing
charge transfers are observed in Fig. 3.

3.3.2 NBO analysis

In Chemistry, an in-depth understanding of a
compound’s stability can be achieved by the
effective utilization of the Natural Bond Orbital
analysis. This analysis explicitly describes and
evaluates electron movement and molecular
stability (Zhang et al., 2020). The second-
order perturbation energy which describes and
categorizes various chemical interactions
present in a system is a very important
parameter here (Gonzalez-Diaz et al., 2013). In
this study, NBO analysis is employed to
decipher the delocalization of electrons in the
studied organic compounds on the Ni-CLO
bare surface. It aids the observation of the
intermolecular interaction between and within
the donor and acceptor regions of an orbital
which measures the stabilization energy and
establishes the strength of interactions existing
in the molecules (Saral ef al., 2024).

Table 3. Frontier Molecular Orbital (FMO) parameters for compounds evaluated at the

B3LYP-D3BJ/LanL2DZ

System  Enomo ErLumo Egap IP EA 1) n S [0} EFL
(eV) €ev) (V) (eV) (V) (eV)

Ni-clo -6.999 -3438 3560 6.999 3438 5.219 1.780 0.281 7.649 -5.219
ALC-Ni- -6.812 -2.761 4.051 6.812 2761 4.786 2.025 0.247 5.655 -4.786
clo

ALD-Ni- -6.819 -2537 4.281 6.819 2537 4.678 2141 0.234 5.112 -4.678
clo

ARO- -6.770 -3.388 3.382 6.770 3.388 5.079 1.691 0.296 7.628 -5.079
Ni-clo

CAR-Ni- -6.770 -2.889 3.881 6.770 2.889 4.829 1940 0.258 6.009 -4.829
clo

KET-Ni- -6.713 -2.770 3943 6.713 2.770 4.742 1972 0.254 5.701 -4.742
clo
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Fig. 3. Pictorial representation of the transfer of electrons between HOMO and LUMO in

the interactions.

In Table 4, the NBO calculations are
presented as bonding and anti-bonding orbital
for the donor and acceptor of the lone pair, the
stabilization energy, and the Fock matrix. From
Table X, the surface, Ni-CLO, possesses a high
E? value of 608.76 kcal/mol, positioning it to
be stable and least reactive. These
characteristics reflect how stable and readily
modified this surface can be. However, a trend
of increased reactivity was observed upon the
interaction with the organic compounds,

alcohol, aldehyde, carboxylic acid, aromatics,
and ketone respectively. Amongst the
interactions, ALC-Ni-CLO was the least stable
because it possesses a small E? value of 158.71
kcal/mol as compared to its counterparts
complexes while KET-Ni-CLO reflects a
higher stability level and the least reactivity
and conductivity among the studied complexes
at a donor orbital of 6* Ps- O19 and acceptor
region of LP*(1) Gai4 and this depicts the
occurrence of a stronger interaction.

Table 4. Natural Bond Order (NBO) analysis data for interactions evaluated at the B3LYP-

D3BJ/LanL2DZ
System Donor Acceptor E2 (kcal/mol) E(®)-E(j) F(i,j)
Ni-clo o 08 - Ni25 o* O7 - Ni25 608.76 0.02 0.212
ALC-Ni-clo LP*(1) Gal c* 03 - P12 158.71 0.02 0.113
ALD-Ni-clo LP*(1) Gal o* 03 - P12 148.87 0.02 0.114
ARO-Ni-clo BD*(2) C29-C30 BD*(2) C27-C28 198.89 0.02 0.084
CAR-Ni-clo 7* O9 - Ni25 o* O8 - Ni25 124.46 0.01 0.097
KET-Ni-clo o* P6 - 010 LP*(1) Gal4 259.84 0.01 0.099
3.3.3 d-band center fundamental factor used in elucidating and

predicting the modifications in chemisorption
strength of tiny molecules on transition metal
structures and it is meticulously linked with the

The d-band is the center position of the PDOS
equivalent to d-orbitals (Fuggle et al., 1983).
The d-band center of transitional metals is a

-
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action of surface catalysis in these systems
(Montemore et al., 2017). Normally the
position of the d-band is relative to the Fermi
level (Erp), thus a positive d-band center
indicates that the average energy level of the d-
orbital lies above the Fermi level while
negative d-band centers have average energies
of the d-orbitals lying below the Fermi level
(Adachi, 1997). Also, positive d-band centers
are linked with weak binding of adsorbates to
the surface (Xin et al., 2014). In catalysis,
positive d-band centers propose that the surface
is less likely to adsorb and activate reactant
molecules, and metals with positive d-band
centers are typically less reactive towards
adsorbates and may exhibit lower catalytic
activity for certain reactions, therefore, the
lower the value of the d-band, the stronger the
adsorption of these smaller molecules on the
transitional metal (Bhattacharjee et al., 2016).
With all this information being laid down, the
d-band for the surfaces below is being
calculated. From Table 5 below, the center of
Total Density of States (TDOS) is tabulated in
the first column and falls between the ranges of
-9.2eV to approximately -9.7eV. The center of
the Partial Density of States (PDOS) is also
calculated based on the number of transitional
metals present and in this study, only Nickel is
present. The surface Ni-clo has a center of
PDOS of -4.99¢V. ALC-Ni-clo has a PDOS
center of -4.96eV, ALD-Ni-clo has a PDOS
center of -5.06eV, ARO-Ni-clo with -4.77¢eV,
CAR-Ni-clo with -4.94eV and KET-Ni-clo
with -4.90eV. The d-band center is calculated
using the formula:

d-band center = center of PDOS - Fermi level
corresponding to HOMO level 4)
From the results acquired using this formula,
the d-band center for all the compounds is
positive which suggests generally weak
adsorption of the small systems by these
metals. This is called physisorption [76].
Although the values of the d-band center are
positive they fall within the ranges of 1.1 eV
and 1.5 eV approximately. Since these values
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lie closer to zero, there’s a slight possibility of
experiencing little chemisorption between the
Ni atom and other small molecules. From Table
5, the d-band center of the surface Ni-clo is
calculated to be 1.18 eV. After interaction with
the different biodiesel products, the value of the
d-band center increases for all the compounds.
The alcohol group increases the d-band center
to a value of 1.41 eV, the aldehydes to a value
of 1.32 eV, the aromatics to 1.44¢V, the
carboxylic group to a value of 1.38 eV, and the
ketones to a value of 1.49 eV. The order of
decrease in d-band value is given as Ketones >
Aromatics > Alcohols > carboxylic >
Aldehydes > Ni-clo. This means that the
aldehydes are more attracted to the Ni atom in
terms of adsorption than the ketones.

3.4 Adsorption studies

Adsorption studies are carried out to
understand the interaction between the
adsorbate and the adsorbent (Aguayo-Vilencia
and Gonzalez et al., 2020). . Adsorption energy
is the energy required for the adsorbate and
adsorbent to interact with each other. The more
negative the adsorption energy, the stronger the
interaction (Qu et al., 2018). This means that
negative  adsorption  energies indicate
chemisorption in the systems (Kralik, 2014).
From Table 6, the energies of the surface Ni-clo
and the interactions are recorded in hartrees
while the adsorption energy is converted to
electron volts (eV). The ketone biodiesel
products show the most negative adsorption
energy among the compounds having a
magnitude of about -7.1eV which means that
the ketone compounds are greatly attracted to
the Ni-clo zeolite surface. This is followed by
the alcohol and aldehyde biodiesel products
which possess an adsorption energy of -3.5eV.
The carboxylic group trails behind with an
adsorption energy of -3.3eV and lastly the
aromatics with the highest adsorption energy of
-2.7eV. The increasing order of attraction for
the biodiesel products to the Ni-clo surface is
given as ARO > CAR > ALC=ALD > KET.
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Table 5. Values of Total Density of States (TDOS), Partial Density of State (PDOS) and d-
band of surface Ni-clo and interactions evaluated at the B3LYP-D3BJ/LanL2DZ

Compound Center of Center of Fermi Level (HOMO d-band
TDOS (eV) PDOS (eV) Level) (eV) Center (eV)
Ni-clo -9.28 -4.99 -6.17 1.18
ALC-Ni-clo -9.66 -4.96 -6.38 1.41
ALD-Ni-clo -9.72 -5.06 -6.37 1.32
ARO-Ni-clo -9.77 -4.77 -6.21 1.44
CAR-Ni-clo -9.72 -4.94 -6.32 1.38
KET-Ni-clo -9.73 -4.90 -6.39 1.49
The adsorption studies give general The quantum theory of atoms in molecules

information on how the entire adsorbent is
being adsorbed on the adsorbate. Unlike the d-
band studies, it gives a complete outlook on the
behaviour of interacted molecules on the
surface. This is why the ketone group may
show strong adsorption in general but physical
adsorption concerning the transitional metal in
the d-band analysis.

3.5 Quantum Theory of Atoms in Molecules
(QTAIM)

(QTAIM) is a topological analysis carried out
to understand the interactions occurring in a
compound in terms of its electron density,
energy density, electron localization function
(ELF), and the Laplacian of electron density
alongside other parameters (Poater et al.,
2005). From Table 7 all data related to QTAIM
are recorded. The bond critical points (BCPs)
indicate that chemical bonds are present in the
compound (Pakiari and Eskandari, 2006).

Table 6. The adsorption energy of the interactions with Ni-clo evaluated at the B3LYP-

D3BJ/LanL2DZ

COII]pOllIldS Eadsorbate(Ni-clo)= -958.28 hartrees
Ecomplex Eadsorbent Eads(eV)
(Hartrees) (Hartrees)

ALC-Ni-clo -1113.45 -155.04 -3.537

ALD-Ni-clo -1112.23 -153.82 -3.537

ARO-Ni-clo -1190.62 -232.24 -2.721

CAR-Ni-clo -1187.47 -229.07 -3.265

KET-Ni-clo -1151.56 -193.02 -7.075

Interactions between the surface and the
biodiesel products are of utmost concern.
Beginning with the alcohol biodiesel products,
the first interaction Ni»s-O33 has an electron
density of 0.71a.u and a Laplacian of 0.56a.u.
The energy density (H(r)) and the potential
energy density (V(r)) are both negative which
implies that a strong interaction is established
between the alcohol group and the zeolite
(Nakanish et al., 2008). This particular
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interaction proves the strong reactivity of the
Nickel atom which tells us that the system
might relatively be in its singlet or septet spin
multiplicity. The ELF is at 0.54a.u which
confirms the strength of the bond. Its second
eigenvalue (A2) is negative thus the interaction
is composed of attractive forces and the
interaction is structurally stable due to low
ellipticity. The second interaction Gais-P12 has
an electron density of 0.48a.u and a Laplacian
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of 0.68a.u. The V(r) and H(r) give a strong
covalent interaction and have an ELF of
0.92a.u showing extreme localization of the
bond. £; is positive thus steric repulsion is
prevalent in the bond at a magnitude of 0.15a.u.
Its ellipticity is much lower thus it is
structurally more stable than the first
interaction. In the aldehyde biodiesel products,
Nizs-O31 interaction is observed to have an
electron density of 0.94a.u and a Laplacian of
0.96a.u. The V(r) and H(r) relationship
indicates a moderate interaction since only V(r)
is negative. Strong localization is shown with
an ELF of 0.90a.u. K> shows steric hindrance
and the ellipticity is very low (negative value: -
2.65a.u) indicating high structural stability. The
second interaction O¢-H3» has a very low
electron density of 0.16a.u and Laplacian of
0.81, V(r) H(r) relationship shows moderate
interaction with ELF of 0.32 a.u indicating
delocalized bonds, a negative &>, and ellipticity
of 0.5a.u. For the aromatic compound, the
interaction Nizs-C3o is observed to have low
values of electron density and Laplacian of the
electron density. The H(r) V(r) relationship
shows a strong covalent interaction with an
ELF of 0.15a.u showing strong delocalization
of the bond. A negative A> is observed with an
ellipticity of 0.3a.u. The second interaction is
very similar to the second interaction observed
in the alcohol. The carboxylic compound forms
two major interactions, Nixs-O3; and Nixs-Hog
with electron densities of 0.66a.u and 0.73a.u
respectively and Laplacian of approximately
0.5a.u for both interactions. The magnitude of
their ELF 1s approximately 0.5a.u and 0.63a.u
respectively. The first interaction is dominated
by attractive forces while the second
experiences steric repulsion. The two
interactions prove that the system might be
slightly structurally unstable due to relatively
high ellipticity (Gagner et al., 2018). In the
ketone interaction, the Nizs-O27 has an electron
density of 0.65a.u with a Laplacian of 0.53a.u.
The H(r) V(r) relationship denotes a strong
covalent interaction and an ELF of 0.47a.u is

observed which represents a slightly
delocalized bond. There’s a presence of
attractive forces and the system observes
structural ~ stability relatively. The last
interaction Ni»s-Cys has very low electron
density and Laplacian as well. The bond shows
a moderate interaction with ELF of 0.43a.u
experiencing forces of attraction and achieving
structural stability. In summary, the interactions
within all the systems either show moderate or
strong covalent bond formation, more localized
bonds than the delocalized ones and relative
structural stability.

3.6  Sensor performances

One core area in developing a sensor device is
the device's ability to sense the targeted
adsorbate and further, the potential of an
adsorbed material to be desorbed for the
sustainability of the device. Here, various
interrelated parameters such as the electrical
conductivity, charge transfer mechanism, and
back donation, are utilized in investigating the
potential of the sensor device and solidifying
the reports from other studied analyses in the
literature (Yon et al., 2018).

Work function transfer
mechanism

The energy values of the HOMO and LUMO
presented in the electronic studies are
employed in analyzing the charge transfer
mechanism ratio of studied systems. Observing
the work function values, ranged from 4.60 to
5.1 eV which suggests the systems have a good
adsorbing quality since high work function
values indicate a better sensing potential
(Zhang et al.,2022). The charge transfer
focuses on the electron movement and flow
through different states which directly affects
the conductivity, reactivity, and stability of a
particular system and this is possible by the
evaluation of the distribution of the electron
density within the molecules (Barbara et al.,
1996).

According to existing works of literature,
values of the quantum descriptor follow trends

and Charge
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Table 7. Quantum Theory of Atoms in Molecules (QTAIM) analysis data. The units of all parameters are given as follows: P(r),
e/Ang3; V2 p(r), e/Ang3; M1, A2, and A3 have a unit of e/Ang’ respectively; G(r) and V(r) have units of eV; H(r) has a unit of
eVAng?/e; ellipticity of electron density (€), electron localization function (ELF) and L1/ A3 are dimensionless. The unit of G/|V]| is

Ang’.
System Interaction BCPs P(r) Vpx) G(r) V() H(r) Gr/Vr ELF LOL A2 As €
ALC-Ni-clo Ni25-033 53 0.71 0.56 015 -0.15 -059 -1.00 054 019 -045 -061 0.35
Gal6-P12 74 0.48 0.68 0.65 -0.18 -0.11 -361 092 068 015 -042 0.06
ALD-Ni-clo  Ni25-031 53 0.94 0.96 021 -017 036 -1.24 090 015 010 -0.15 -2.65
09-H32 126 0.16 0.81 017 -013 035 -1.31 032 015 -0.12 -0.18 0.50
ARO-Ni-clo  Ni25-C30 56 022 0.26 011 -0.16 -050 -0.69 015 030 -0.13 -0.16 0.30
Gal6-P12 63 0.47 0.67 065 -0.17 -0.11 -3.82 092 067 015 -041 0.29
CAR-Ni-clo  Ni25-031 155 0.66 0.53 013 -0.14 -022 -0.93 052 019 -038 -0.88 1.33
Ni25-H28 161 0.73 054 0.14 -0.15 -0.70 -0.93 063 021 068 -0.89 0.67
KET-Ni-clo Ni25-027 231 0.65 0.3 014 -014 -0.26 ~-1.00 047 018 -0.28 -0.47 0.65
Ni25-C26 108 0.20 0.11 024 -021 035 -1.14 043 015 -0.18 056 -1.32
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where lower values depict that a shorter
distance is required for charges to be
transferred and larger values posit that a longer
distance is needed for molecules to interact
within a system and charges to be likely
transferred (May and Kuhn, 2023). These
trends affect the system's nature and control a
range of compound behaviour. Thus, the charge
transfer mechanism was studied using equation
5

Qt =
(5)

Where Qt represents the charge transfer and
Qadsorption and Qisolated connotes the transfer of
charge in molecules pre and post-adsorption. It
has been observed and recorded in other
research works that a positive charge transfer
value denotes the movement of charges from a
material to the adsorbate and it characterizes
the good sensing behaviour of a system while
the negative value suggests the flow of charges
from the adsorbate to the material. Due to the
organic compounds investigated and the sensor
nature, the Bader charge theory is utilized. The
charge transfer values for the respective studied
compound are presented in Table 8. The
adsorption values are minimal and the Q;values
for all systems are negative which describes an
average potential to be used in the sensing of
the studied organic compound respectively. In
Table 8, ARO-Ni-CLO complex possessed the
highest Q; value of -0.715 eV, implying a
substantial transfer of charge between the
adsorbate and the adsorbent material. Similar
to ARO-Ni-CLO, CAR-Ni-CLO complex had
a value of -0.957 eV and ALC-Ni-CLO
complex possessed the lowest Q. value of -
1.641 eV and this suggests that it has a lower
degree of transferring charges from the
adsorbate and the adsorbent material.
Therefore, the sensing potential is in ascending
order of ALC-Ni-CLO, KET-Ni-CLO, ALD-
Ni-CLO, CAR-Ni-CLO, ARO-Ni-CLO, and
ARO-Ni-CLO complex is suggested to be more
reactive than its studied counterparts.

Qadsorption - Qisolated

Electrical conductivity
Insights into the behaviors of a material under
the influence of an electric field are gained
through the understanding of the electrical
conductivity of the materials. This parameter
encompasses the current flow from the
adsorbent material to the adsorbed gas or
adsorbate and can be deduced from the energy
gap values of the quantum descriptors (Tabari
and Farmanzadeh, 2020). . The electrical
conductivity is  calculated using the
mathematical expression shown in equation
6. The equation for the electrical conductivity
(o) is comprised of a constant temperature (T),
Energy gap (Eg), and Boltzmann constant (K),
respectively.

o = AT?2/3¢(Eg/2KT) (6)
With evidence from previous literature, the
electrical conductivity can be evaluated by the
trends in the energy gap, where a decrease in
the energy gap leads to an increase in the
electrical conductivity (Amat et al., 2014).
Therefore, according to Table 8 and equation 6,
ARO-Ni-CLO complex possesses the highest
conducting potential as compared to the other
complexes while ALD-Ni-CLO complex
indicates the lowest conductivity.
Fraction of electron transfer (FET) and
back donation
The back donation (AE) exemplifies the
transfer of an electron from the adsorbate to the
adsorbent materials and the concurrent
interaction between the surface and the gas
which describes the strength of adsorption that
occurs between molecules (Cazorla 2015).
Consequently, the nature and location of the
charge transfer from the adsorbate to the
adsorbent is directly influenced and examined
by the fraction of electron transfer (AN) which
are presented in Table 8. The AE and AN values
are calculated employing the mathematical
expression below.

_ n
AEBack donation — T (7)
AN = Xisolated — Xsystem (8)

T2 (Uisolated - Usystem)
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It has been stated in literature that chemical
hardness values greater than zero and negative
AE values substantiate a material to have good
sensing potential (Tajee et al., 2024). The
fraction of electron transfer (FET) is confirmed
by the range of the chemical hardness values,
where a negative correlation is usually
observed in the values. Low chemical hardness
values of a system significantly showcase the
high FET of that system and this indicates a
great flow of electron transfer upon the
interaction of the adsorbate and adsorbent

(Raimi ef al. 2024). Therefore, in this study,
the back donation values for all systems are all
negative, implying the presence of a stronger
adsorption process between the adsorbent and
the studied organic compounds respectively.
Also, the chemical hardness values connote a
slight variation in the stability of the systems
since the values are in the range of 1.6 eV to 2.2
eV and stronger adsorption. Ni-CLO surface
showcased a heightened potential for adsorbing
aromatic compounds as compared to other
studied organic compounds.

Table 8. Sensor mechanism parameters for interactions (Note: The unit of ¢ is in eV, Qt in

electron (e) and that of AN is dimensionless.

System Eads (eV) d/eV Qt(e) AE Back-donation AN
ALC-Ni-CLO -3.693 4.786 -1.641  -0.506 -0.884
ALD-Ni-CLO -3.511 4.678 -1.394  -0.535 -0.749
ARO-Ni-CLO -2.685 5.079 -0.715  -0.423 0.787
CAR-Ni-CLO -3.321 4.829 -0.957  -0.485 -1.219
KET-Ni-CLO -3.704 4.742 -1.448  -0.493 -1.242

4.0 Conclusions Adachi, H. (1997). Molecular cluster

In conclusion, this study delves into the
intricate interactions between the
biodegradation products of biodiesel and
nickel-doped zeolite material, shedding light
on their adsorption behavior and sensor
performance. Through adsorption studies and
QTAIM analysis, we discerned the strong
affinity of ketone compounds towards the Ni-
clo surface, indicating potential applications in
biodiesel production. Sensor performance
evaluations underscored the importance of
electrical ~ conductivity, charge transfer
mechanism, and back donation in assessing the
sensing potential of the adsorbent material.
Overall, this research contributes to the
understanding of molecular interactions on
surfaces and advances the development of
sensor devices for environmental monitoring
and industrial applications.
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