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Modelling adsorption interactions between vanadium
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approach and DFT.
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Abstract. The substitution of vanadium in hydroxyapatite (HAP) presents promising possibilities for
advanced adsorption and electronic applications. This study focused on two key aspects of this material.
Firstly, Monte Carlo calculations were conducted to examine the adsorption processes of the dye Reactive
Red 141 (RR141) on the (001) surface of vanadium-incorporated nanohydroxyapatite NPs-HAP/VAP
(Ca10(PO4)6-x(VO4) x(OH)2 with x ranging from 0 to 6). These findings suggest that the adsorption is
spontaneous, and the energy increases as the vanadium content increases. This implies that pure HAP needs
more energy to desorb RR141 than is needed to desorb its vanadium-containing counterpart. Another notable
advantage of the presence of vanadium is its impact on the stability of the molecular structure, which is
important in the tune of adsorption properties. Moreover, the electronic properties of NPs-HAP/VAP were
predicted using Local Density Approximation (LDA) and Generalized Gradient Approximation (GGA)
through the Density Functional Theory (DFT). The substitution related lattice changes were also studied. In
the C-axis, GGA estimates an anisotropic expansion whereby the highest expansion is 13.27% at full
phosphorus substitution, whereas LDA estimates an isotropic expansion whereby the highest expansion is
9.95%. The electronic property analysis reveals that the addition of vanadium into the NPs-HAP/VAP
structure provides allowed states, mostly built on the d electrons of vanadium, interacting with the O-2p
electrons in the band gap, which accounts for the narrowing of the gap.
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1. Introduction

Hydroxyapatite (HA) is a natural mineral, which forms one of the major components of human bones and teeth. Its
capacity to adsorb different molecules has attracted a lot of research attention [1-3]. This involves adsorption of ions,
organic molecules, proteins, and drugs, and is applicable in many biomedical, industrial and environmental applications
[4,5]. Thus, the insights into the adsorption mechanisms on the surface of this material are critical to maximizing the
applications.

Among them, one issue is textile dye, RR141, which is very popular in industry. Nevertheless, it may be present in the
industrial effluent that may pollute water and be hazardous to the environment and human well-being [6,7]. Consequently,
it is important to develop materials that could be used to adsorb such dyes in order to treat waste water and pollute the
environment [8—12].

One of the most significant problems of the adsorption process is the development of adsorbents with high adsorption
capacity and quick reactivity in the context of being cost-efficient and environmental-friendly[13,14]. Although the cost-
effective adsorbents have economic advantages, they tend to have decreased adsorption capabilities. In this regard,
hydroxyapatite vanadate nanoparticles (NPs-HAP/VAP) based on waste products of the phosphate industry, including
phosphogypsum and vanadium pentoxide have been developed to solve this problem [15,16].

The adsorption of RR141 dye on NPs-HAP/VAP surface has been studied previously in that study [17]. The findings
depicted an adsorption capacity of 50mg/g and total removal of the dye. The process of elimination was based on the
pseudo-second order and SIPS model. The thermodynamic calculations were showing spontaneous adsorption which
implied that positive changes in the entropy are amplifying the physical nature of the process. The characteristics of
adsorption of RR141 were determined and quantified in this experiment. Nevertheless, to have a better understanding of
the mechanisms of this interaction, we should use the theoretical approaches.

Monte Carlo simulations were performed as a part of this research to investigate the adsorption of RR141 on the (001)
surface of the material Cajo(VO4)x(PO4)e-x(OH)2[18-23]. Adsorption Locator tool was used to make these calculations.
The main aim of the study was to consider the possible adsorption of RR141 using the hydroxyapatite NPs-HAP/V AP
nano-vanadates and determine their most stable forms and complexes. Total energy, adsorption energy and Van der Waals
energy parameters were considered. This methodology seeks to give an enhanced insight into the adsorption processes of
Cai9(VOs) x(PO4) 6-x) (OH) (for x=0,1,2,3,4,5, and 6) (where x=0,1,2,3,4,5 and 6) with respect to the RR141 pollutant,
and determine preferential adsorption sites. This study has a great research implication in the removal of dye and
purification of water.

2. Simulations Monte Carlo

There are many applications of the Monte Carlo method in simulation especially in the case of global minimization of a
system. The technique is based on random iterations and relaxations. A random motion initiates the process. First, the
energy of the current system is calculated. Next, one of the atoms in the system is randomly shifted, and the energy of
this new configuration is computed. The energies of the initial and new configurations are then compared.

If the energy of the new configuration is lower, it is accepted, meaning the new configuration replaces the initial one.
However, if the energy of the new configuration is higher, the Boltzmann probability is calculated to determine whether
the new state should still be accepted [24] :

_AE
e XBT 1

Where AE is the energy difference, KB is Boltzmann's constant, and T is the temperature setting. A random number m is
generated within the range [0, 1]. If m > p, the initial configurations are retained, with the hope of escaping a local
minimum to reach the global minimum by overcoming a certain energy barrier. This process is repeated over a given
period. In this manner, a Markov chain is generated with N configurations. The system’s temperature is adjusted either
linearly or exponentially, and the previous steps are reiterated using the configurations from the Markov chain. When the
temperature is reduced systematically until a given criterion is reached, a global minimum may be reached. with the
Monte Carlo (MC) technique.

Nevertheless, the MC approach has certain weaknesses: calculation time grows very fast with the size of the system; it
may require too much time to discover the global minimum; and the initial parameter settings should be as the size of the
system increases. meticulously planned, since they might have a considerable impact on the end outcomes.

3. Results and discussion
3.1. Monte Carlo simulation of Reagent Red 141 (RR141)

Adsorption of the RR141 dye onto solid adsorbent is a good and eco-friendly process of eliminating dyes in polluted
water sources. It is important to understand the adsorption behaviour of the RR141 dye molecules on the different



BIO Web of Conferences 215, 02005 (2026) https://doi.org/10.1051/bioconf/202621502005
RENA 2025

adsorbents to optimize the adsorption processes and in the design of a good dye removal system. This paper examined
the property of adsorption behaviour of the RR141 dye via Monte Carlo simulations, which was developed in the
Adsorption Locator tool. This study was to explain the underlying mechanics of the adsorption process by just applying
Monte Carlo simulations. The lessons learned in this study could be used in the development of cost-effective and
sustainable measures on how to eliminate RR141 dye and other contaminants in the wastewater streams.

The adsorption energy of the lowest-energy configuration obtained due to the interaction of the RR141 molecule with the
(001) surface of various vanadate/hydroxyapatite structures which are denoted as CaioVOa4)x(PO4)e-x) (OH)2 with the
vanadate ratios varied was determined using Monte Carlo (MC) simulations. The methodology that was used to construct
the adsorbent / substrate system was the Metropolis Monte Carlo simulation approach combined with the Adsorption
Locator tool. The simulations were conducted using a plate thickness of 5 A and a void of 30 A in the C-axis direction
and periodic boundary conditions were used to model a representative slice of the interface avoiding arbitrary boundary
effects. The various systems (Caio(VO4)x(PO4)x) (OH)2/RR141) were optimized using the COMPASS (Condensed Phase
Optimized Molecular Potentials in the study of Atomistic Simulations) force field during the process of the simulation.

This computational analysis will determine low-energy adsorption sites to determine the selective adsorption of inhibitors
molecules onto the NPs-HAP/V AP surface. In order to accomplish this, the NPs-HAP/VAP (0 0 1) surface configurations
were sampled in a canonical set, in which individual RR141 molecules were taken into consideration. Through
optimization of the system, different energies were obtained such as total energy, Van der Waals energy, electrostatic
energy and intermolecular energy as illustrated in Fig. 1. This discussion gives a clear insight into the interactions of the
surface and the molecule, RR141.
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Fig. 1: (a)-(g) Top view and (h)-(n) side view of the different structures of Caio(VO4)x(PO4)s-x) (OH)2for x =0, 1, 2, 3,4, 5 and 6,
respectively.

Fig. 1 illustrates the various adsorption centers of the RR141 molecule within the structures under consideration. In this
study, the energy of the substrate is set to zero. The adsorption energy is defined as the total of the adsorption energy, the
rigid adsorption energy (R.A.E.), and the deformation energy for the components of the adsorbate. The rigid adsorption
energy represents the energy measured in kcal/mol, released (or required) when the unexpanded RR141 molecule, before
the geometry optimization step, is adsorbed onto the (001) surface of the NPs-HAP/VAP.

Table 1: Results and descriptors of the lowest adsorption configurations for the Ca10(VO4)x (PO4)-x) (OH)2 (001) / (RR141) systems
calculated by Monte Carlo simulation (all energy values in kcal/mol).

Rigid adsorption

Structures Total energy Adsorption energy Deformation energy

energy

Ca10V6024(OH):2 871,1637 -41,0205 -43,5577 2,5372
Ca10P1V5024(OH)2 871,8498 -40,3343 -42,8607 2,5264
Caio P2V4024(OH), 864,6967 -47,4874 -50,6325 3,1451
Caio P3V3024(OH)2 861,6437 -50,5405 -54,4924 3,9519
Caio P4V2024(OH) 861,9831 -50,201 -52,6511 2,4501
Cai10P5V1024(OH)2 859,2578 -52,9263 -57,5902 4,6639
Ca10Ps024(OH): 858,0217 -54,1624 -57,9211 3,7586

The Deformation Energy represents the energy, measured in Kcal/mol, that is released when a molecule of the adsorbed
component is released onto the surface of the NPs-HAP/VAP. Table 1 displays these energies for the most stable
configurations of the different Ca;o(VO4)x(PO4)x-6)(OH)2 structures, where x can take on values (x=0, 1, 2, 3, 4, 5 and
6).

All the adsorption energies are negative, indicating that the adsorption of the RR141 dye by NPs-HAP/VAP is both
possible and spontaneous. However, it's important to note that these energies increase with higher vanadium content in
the basic crystalline structure, represented as CajoP¢O2(OH),. The lowest adsorption energy is recorded for the
CayoP6024(OH), material, at -54.162 kcal/mol. As the vanadium content increases (from x = 0 to x = 6), the energy rises
progressively, reaching -41.0205 kcal/mol for the CaioVO24(OH).material, which lacks phosphorus atoms.

Figures 1 (a) and (h) illustrate that the most favourable adsorption site for the RR141 molecule on the (001) surface of
the Ca0PsO24(OH); material is the benzene ring, in which the molecule is adsorbed almost flat. In contrast, on the (001)
surface of the CaioVsO24(OH), material, the adsorption is tilted, resulting in a more deformed configuration of the
molecule.
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Fig. 2: Total energy distribution for the Caio(VO4)x (PO4)6-x) (OH)2 systems for x =0, 1, 2, 3, 4, 5 and 6, respectively, using the
Adsorption Locator model

3.2. DFT study of the electronic properties of hydroxyapatite vanadate

The CASTEP (Cambridge Serial Total Energy Package) code, which is based on density functional theory (DFT), was
used to perform all the calculations presented in this work. For the exchange and correlation potential, two approximations
were applied: the Generalized gradient approximation (GGA), implemented as the Perdew-Burke-Ernzerhof (PBE)
approach, and the local density approximation (LDA).

A plane-wave basis set was used to solve the Kohn-Sham equations in the DFT implementation of the ultrasoft
pseudopotential. Following the Monkhorst-Pack method for k-point sampling, the wave functions was extended with a
plane wave energy cutoff of 340 eV and performed Brillouin zone integration using a 2 x 2 x 2 k-point lattice.

For optimizing the geometry, the convergence criteria were set with a maximum atomic displacement of 0.001 A and an
energy precision of 3.10 x 107 eV/atom. The equilibrium structural parameters were determined using the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) minimisation method.

Electronic properties such as band energies, total density of states (TDOS), partial density of states (PDOS) and chemical
bonding conditions have been determined using electron density. It shows the energy scale, the likelihood of the presence
of electrons and regions of minimal and maximum electron density. Also, the electron density is used to give information
on sub-states including s, p, d and f states. The band structure provides data regarding the nature of the material such as
whether the material contains a direct or an indirect band gap. Hydroxyapatite (HAP) crystal structure is of the P63/m
space. In this structure, two oxygen atoms in the hydroxyl (OH) group occupy the fourth Wyckoff positions with each
half occupancy. The geometry was optimized to attain a relaxed structure and calculations on the cellular properties of
the relaxed structure were obtained and tabulated in Table 2.
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Table 2: Lattice parameters in Angstroms calculated for the different structures.

Material GGA LDA
a C a c
Ca10V6024(OH): 10,210 6,865 9,623 6,854
Ca10P1V5024(OH); 10,149 6,847 9,545 6,834
Caio P2V4024(OH): 10,073 6,888 9,553 6,810
Caio P3V3024(OH): 9,869 6,881 9,399 6,792
Caio P4V2024(OH); 9,838 6,849 9,367 6,767
Ca10P5V1024(OH): 9,744 6,881 9,293 6,761
Ca10Ps024(OH)2 9,593 6,878 9,249 6,748

Analyzing the results presented in Table 2, it can be observed that the lattice parameter (a), calculated using both the
Local Density Approximation (LDA) and the Generalized Gradient Approximation (GGA) functionals, increases with
higher vanadium content in hydroxyapatite. Specifically, the value of (a) rises from 9.593 A for the Ca;oPsO24(OH),
structure to 10.210 A for the Ca19V024(OH), structure, where all phosphorus atoms have been replaced by vanadium. .
The two changes of the lattice parameter towards an increase in the (a) and (c¢) direction suggest that both are enlarged by
the large size of the vanadium atoms relative to phosphorus.

It is important to note that the increase in lattice volume is predicted in only one direction according to the GGA
calculations, which is evident from the fact that the (c) parameter fluctuates slightly around an average value of 6.869 A.
In contrast, calculations using the LDA approximation suggest that the expansion caused by the insertion of vanadium
atoms into the original hydroxyapatite lattice occurs in all three spatial directions.

Table 3: Gap energies calculated experimentally and theoretically

Energy Gap (eV)
Structure Experimental [17] GGA LDA
Cai10Ps024(OH): 3,21 5,24 5,355
Ca10P5V1024(OH): 3,738 3,856
Ca10P4V2024(OH): 3,722 3,802
Ca10P3V3024(OH): 3,16 3,702 3,868
Ca10P2V4024(OH)2 3,788 3,9
Ca10P1Vs024(OH): 3,689 3,835
Ca10Vs024(OH): 3,04 3,754 3,857
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Fig. 3: (a)-(d) the band structures of the materials Caio(PO4)x(VOa4)6-xOHz2 for x =0, 2, 4 and 6 respectively. Calculated using the
GGA approximation in blue and the LDA approximation in red.

The band structures calculated for various materials are illustrated in Fig. 3 and Table 3. The results obtained using the
Local Density Approximation (LDA) are shown in red, while those using the Generalized Gradient Approximation (GGA)
are depicted in blue. In all the graphs, the energy origin is set at the Fermi level. The graphs indicate that the shapes of
the band structures and the energy gaps are quite similar between the two approximations. Notably, hydroxyapatite retains
its semiconducting nature even with the substitution of Vanadium atoms.

Hydroxyapatite Ca;o(PO4)s(OH) has a relatively large band gap of 5.24 eV with GGA and 5.355 eV with LDA. . The
gap goes down to 3.689 eV as Vanadium (V) replacement of 0 (no V) replacement goes up to 5. When all the phosphorus
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(P) atoms are substituted by V atoms at a substitution level of 6, there was a slight increase in the band gap to 3.754 eV.
It is evident in the graphs that the band gap is always in a direct gap which is located in the gamma direction of the
Brillouin zone (see Fig. 3(d)). Moreover, it should be mentioned that the larger the concentration of Vanadium the flatter
in the band structure calculations are the valence bands around the Fermi level. The flattening could also be a possible
indication of interesting electrical and thermal transport properties, as flattened bands are an indication that there is a low
dependence of energy on momentum and hence of large density of states.

Energie (eV) Energie (eV)

Fig. 4: (a)-(d) projected density of states of Ca10(PO4)x(VO4)6-xOH2 materials calculated by GGA for x=0, 2, 4 and 6 respectively

The flat bands observed may also be attributed to strong interactions between electrons within the material. This causes
the electrons to become more localized, leading their behaviour to deviate from the independent particle model typically
assumed in basic band theory.

Fig. 4 and 5 present the projected density of states calculated using the Generalized Gradient Approximation (GGA) and
the Local Density Approximation (LDA), respectively. The figures reveal a notable similarity in the electron population
patterns. However, the conduction states are slightly more populated in the GGA calculations compared to the LDA,
particularly for the 3d states of Vanadium in the Ca;o(VO4)sOH, material, as shown in Fig. 4 (a) and 5 (a), This indicates
that the contribution of different atomic orbitals to the material's conduction is greater in the GGA approximation. This
difference arises mainly from how each approximation treats the electrons within the solid. Nevertheless, both
approximations demonstrate that the incorporation of Vanadium into the Hydroxyapatite (HAP) structure will create
accessible states within the band gap.
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Fig. 5: (a)-(d) projected density of states of Ca10(PO4)x(VO4)6-x(OH)2 materials calculated by GGA for x=0, 2, 4 and 6 respectively.

The band structure and density of states were calculated, shown in Fig. 5, using Density Functional Theory (DFT) to gain
a deeper understanding of how Vanadium (V) substitution affects the electronic properties of hydroxyapatite (HAP). In
all figures presented, the valence band maximum of HAP is set at 0 eV. The obtained PBE band gap of pure HAP is 5.335
eV (GGA), and this correlates to the results obtained in literature [25,26].

According to the band structure analysis, as Vanadium (V) replaces Phosphorus (P) in hydroxyapatite the gap is. lower
than that of pure HAP. To better explain how various atoms affect the electronic structure, we performed density of state
(DOS) and projected density of state (PDOS) analyses. In pure hydroxyapatite, the Oxygen 2p orbitals make the largest
contribution to the valence band, and the conductivity of the material is. primarily supplied by the 3d electrons of calcium,
with a minor amount of the P-2p electrons.

When all the P atoms in the structure Caio(VO4)sOH, were substituted by V, we saw the density of states in the structure
increased. the conduction band, and the band gap narrows. Here, the conductivity comes about due to the 3d electrons of
both. calcium and vanadium. When comparing the PDOS of pure HAP (Fig. 4(b) and 5(b)) with that of Vanadium-
substituted HAP, the introduction of new energy states at the top of the valence band was noted. These new states result
from the interaction between the 2p states of oxygen and the 3d energy states of the substituted Vanadium, as illustrated
in Fig. 4(c) and 4(d). This interaction is the reason for the observed decrease in the band gap.

10
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4. Conclusion

In this study, a geometrical optimization of the vanadium-substituted hydroxyapatite (NPs-HAP/VAP) structure using
density functional theory (DFT) was performed. The optimized structures were then cleaved and sliced into slabs along
the (001) direction to investigate the adsorption of RR141 dye molecules. The findings indicate that the dye adsorbs
spontaneously onto the (001) surface of this material. However, the quality of adsorption and the preferred adsorption
sites for the two dye molecules vary based on the amount of vanadium substitution. The electronic properties were also
examined using the CASTEP module. This investigation focused on how the level of dopant affects the electronic
structure of hydroxyapatite. The results demonstrate that the material retains its semiconducting nature even with an
increase in vanadium content within the pure HAP structure. Nevertheless, the electronic properties specifically the energy
gap, density of states (DOS), and partial density of states (PDOS) are influenced by the substitution of vanadium in the
initial structure.
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