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Phenolic compounds present in wastewater were utilized for first-principle calculations based on DFT to observe
adsorption effects. Results indicate that bismuthene exhibits different adsorption characteristics for different
compounds. Following the adsorption process, the aromatic ring remains in the same plane, while CHz and
OH groups move upward, causing slight changes in the molecules' overall position. The calculated results
show that bisphenol A has the least atomic distance (4.00 A) from the bismuthene surface and the highest

adsorption energy value (12.8509 eV), indicating the stability and smoothness of the adsorption process. The
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Accepted 6th June 2024 electronic properties results reveal that phenolic compounds exhibit overlapping peaks at a distance from the

Fermi level, describing the stability of the adsorption system. Additionally, the charge transfer results mirror

DOI: 10.1039/d4ra02933] the adsorption energy calculation results, showing that the bisphenol A adsorption system accepts a greater
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1. Introduction

With the swift progress of industrialization, a diverse array of
carbon-based and non-organic materials, serving as agents,
networks, and reagents, find extensive application within crucial
industrial sectors such as petrochemicals, cloth dyeing and
coloring, polymer manufacturing, biopharmaceuticals, and process
engineering.’® The previously discussed manufacturing processes
often generate polluted water alongside intricate components.
Nevertheless, contaminated water with sophisticated constituents
frequently comprises a multitude of organic contaminants that
prove challenging for disintegrate and are extremely poisonous.*®

Among these, phenolic compounds are prone towards being
overlooked. Allowing their discharge can result in severe reper-
cussions for aquatic life, soil, and the ecological surroundings,
presenting a potential hazard to fitness. Various soluble inor-
ganic and organic substances serve as primary contributors to
water contamination. Among these, phenol derivatives find
widespread use within manufacturing processes, such as the
creating pigments, antiseptics, pesticides, detergents, and anti-
oxidants. The discharge of such toxic unprocessed particles into
surroundings® through contaminated water release can have
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amount of (—0.116e) charge from the bismuthene surface, demonstrating a strong adsorption effect.

enduring detrimental effects on water ecosystems, potentially
leading to irreversible consequences.

Currently, various methods, encompassing procedural,
organic, and chemical techniques such as organic carbon adher-
ence,” sophisticated oxidation processes,® doping alteration,”*
composite heterojunction design,"'>* membrane-based process,*
and the reverse osmotic transfer," are employed for the elimi-
nation of carbon-based contaminants from polluted water.
Nevertheless, stability of structure of phenolic pollutants poses
a challenge, rendering the application of these decomposition
approaches not only lengthy, expensive as well as prone towards
byproduct formation.” In recent decades, adsorption treatment
has emerged as a prominent method among previous approaches
due to its simplicity of operation and cost-effectiveness.'*"®

Monolayer materials, characterized by numerous operative
sites and greater region, are considered excellent adsorptive
material in favor of water medication. Ghafry et al.*® Examined the
photochemical breakdown of phenol using nanomaterials of ZnO
doped with Ag, revealing that even a minor Ag doping enhances
the photocatalytic efficiency of ZnO nanomaterials. Albedah et al.*®
investigated the adherence of phenol from industrial wastewater
on two-dimensional substances (ZrSz, CdS,, SnS,, MoS,) using
particle simulation. The study revealed that CdS, exhibits most
effective adherence of phenol and is a promising new material for
phenol removal from contaminated water. Furthermore, metallic
or non-metallic contaminating has been shown to enhance the
adsorption properties of various adsorbents.

Aside from experimental approaches, computational simula-
tion techniques are employed to examine and elucidate the entire
reaction process at the nano scale. First-principles calculations
and particle dynamics simulations aid in gaining deeper insights
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into the adherence and decomposition mechanisms of phenol
containing compounds.”>* Ghahghaey et al** investigated
theoretical phenol extraction capability of various graphene types
and discovered that graphene materials modified with functional
groups exhibited superior adherence durability and competence
for phenol. While theoretical investigations into phenol adsorp-
tion have been abundant, there is a scarcity of first-principles
analyses concerning the adherence of various methyl phenol
molecule types upon both natural and doped surfaces.

Studies of the interaction between phenol and intrinsic
graphene, phenol and aluminum-doped graphene, and phenol
with hexagonal boron nitride (BN) were conducted using first-
principles total energy calculations within periodic density
functional theory. Results indicate that the direct interaction
between oxygen and aluminum yields the ground state geom-
etry with the phenol molecule adsorbed on the graphene layer.
Binding energies and DOS structures also demonstrate that the
ground state configuration is characterized by an O-Al inter-
action with a separation distance of 1.97 A. Furthermore, results
of the binding energies indicate that phenol is chemisorbed
when interacting with the BN sheet.>>*®

Yuan et al.*” uses molecular dynamics simulation to model and
optimize the parameters of the phenol and p-cresol separation
process, resulting in more precise separation parameters. Abadee
et al.”® explored the adhesion behavior of phenol compounds on
graphene layers. The findings reveal that the adherence potency of
phenol upon graphene, nano-buds located on the apex of the
bucky ball, in proximity to the cervix, and upon the graphene,
layer was greater compared to those in water. Zhang et al. explored
the adsorption of cresols found in wastewater on the Au (111)
plane. Analysis of the adherence energy graph illustrates the
varying adsorption behavior of different cresols on the surface.

Bismuthene derived from monolayers of group V elements
represents a relatively new addition to the family of two dimen-
sional materials. Its conductive, physical, and photonic properties
have undergone extensive scrutiny among both empirical and
hypothetical investigations in recent times.* Research suggests that
bismuthene monolayers maintain stability in a buckled hexagonal
phase and are anticipated to possess a direct, narrow band gap.

The widespread utilization of various phenolic compounds
alongside the challenges in their removal, the progress of reason-
able, competent, and environmentally amiable materials in favor of
organic pollutant removal has emerged as a significant challenge
in industrial production. In this study, we systematically investigate
the interactions between different phenolic compounds, and bis-
muthene atoms. Our primary aim is to examine the variations in
adherence energy, adherence distance, and electron arrangement
resulting from various numbers and forms of phenolic compounds
adhere upon the bismuthene layer, using first-principles calcula-
tions. This evaluation allows us to assess distinct adsorption
behaviors. The findings of this research offer a potential method
for removing phenolic pollutants from wastewater.

2. Computational detail

The Amsterdam Density Functional package (ADF-BAND)* was
utilized to determine energy coefficients, configurations, gas
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absorption, and electronic emulsion models using the Density
Functional Theory (DFT) approach. ADF's Slater-type orbitals
were applied to accurately represent the response of orbitals
surrounding the nucleus in studied composition.** The study
utilized the triple zeta polarisation (TZP) basis set, standard
numeric characteristics, and the unfrozen core implement to
determine fundamental and electron state functions.** For
evaluating the influence of charge density upon ion substitution
interaction energies, the Perdew-Burke-Ernzerhof (PBE) form
of the Generalized Gradient Approximation (GGA) was
employed.®® Effectiveness of approximating distant interaction
among the bismuthene surface plus phenolic molecules
significantly improves when considering van der Waals (vdW)
interactions with the D3-Grimme correction (DFT-D3).**

Crystal parameters and atomic arrangements are completely
relaxed. Computations utilized five (05) k-points, chosen to
determine numerical accuracy in ADF, as the k-grid, basis
vectors, and density fitting coefficients are foundational. These
k-points, determined through Becke's fuzzy cell technique,*
sample Brillouin zone. Convergence standards were defined as
energy (10 ° eV), gradient (0.02 eV A™"), and step-convergence
(1072 A) for overall structural decompression processes.

To identify most stable adsorption arrangement, the
adsorption energy (E.qs) was computed. The equation to deter-
mining the adherence energy of various organic compounds
adhere on bismuthene layer is described like this:

Eads = Eadsorbates/slab - Eslab - Eadsorbates (1)

Here, E.gsorbates/slab Signifies the overall energy of distinct Bi
adsorption systems, Eg,, denotes individual energy of the
adsorption material, and E,gsorbates relates to overall energy of
the adsorbed organic compounds.

Disparity in electron density may be characterized as:

AP = Pslab/adsorbates — Pslab — Padsorbates (2)

where pgiap/eas €lectron density of the total system is, pgap is
electron density of Bi and pg, is electron density of adsorbed
compound.

Charge transfer formula can be defined as:

Ql = Qa - Qb (3)

Q. shows total charge transfer amount, Q, is the charge on
adsorbate after adherence and Qy, is the charge on adsorbate
before adherence.

The harmonic vibrational frequencies were calculated at the
same level to confirm that the obtained structures are minima
on the potential energy surface.

3. Results and discussion
3.1 Structure analysis of pure bismuthene

Prior to initiating a discussion on bismuthene, it is essential to
delve into and assess its characteristics. Bismuthene pristine
structure manifests as a buckled hexagon, wherein the atoms
appear arranged in a hexagonal pattern from a top-down

© 2024 The Author(s). Published by the Royal Society of Chemistry
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perspective but are not situated within the same plane; this hexagonal structure with calculated lattice constants of a = b =
disparity in atomic positioning, termed “buckling,” entails 4.34 A and a Bi-Bi interatomic bond length of 3.07 A. The
a distance between bonded atoms along the z-direction. buckling height, defined as the vertical distance between the

We have already explored bismuthene for different applica- lower and higher bismuth atomic planes, is 4 = 1.73 A. These
tions in our previous work. The bismuthene has a buckled

Table 1 Comparison of lattice constant, distance, buckling height, bandgap of bismuthene with previous work

Bismuthene (this work) Bismuthene** Bismuthene*? Bismuthene®? Bismuthene™*
Lattice constant (A) 4.32 4.30 4.39 4.26 4.38
Bi-Bi distance (A) 3.07 3.03 3.07 3.03 3.05
Buckling height (&) 1.72 1.75 1.73 1.76 1.72
Band gap (eV) 0.54 0.60 0.46 0.84 0.54
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Fig. 1 (a) Optimized structure of bismuthene z and y-view (b) density of states of bismuthene.
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©

(d) Bisphenol A (¢) 2,4-Xylenol (f) 3,4-Dichlorophenol

Fig. 2 Structures of phenolic compounds after geometric optimization.
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calculated structural parameters are consistent with relevant
literature®**° and given in Table 1.

Fig. 1(b) shows the density of states of freestanding bismu-
thene, indicating its semiconducting nature with a direct
bandgap of 0.54 eV, consistent with previous research. The
structure is stabilized, and the electronic properties of the Bi
atom in bismuthene are similar to those in arsenene and anti-
monene. Fundamentally, m-type bonding states cannot form
due to the presence of a lone pair of electrons and three o-
bonding orbitals. Consequently, the Bi monolayer exhibits
a buckled structure rather than a planar one like graphene. As
illustrated in Fig. 1(b), the p orbital predominantly influences
the material's electronic properties, with minimal contributions
from the s and d orbitals.*

3.2 Configuration of organic compounds and adsorption
models

To explore adherence characteristics of carbon-based compounds
on the bismuthene layer, molecular structure models were con-
structed for each compound. The figures presented in Fig. 2

View Article Online
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illustrate the structural models resulting from the geometric opti-
mization of these organic compounds. In these models, hydrogen
atoms (H) are depicted purple, carbon particles navy blue, N atoms
royal blue, O atoms red, and Cl particle light green colors. The
organic compound o-nitrophenol (C¢H;NO;) comprises six carbon,
five hydrogen, three oxygen, and one nitrogen atom. Catechin
(CeHeO,) consists of six carbon, six hydrogen, and two oxygen
atoms. Phenol (C¢HO) contains six carbon, six hydrogen, and one
oxygen atom. Bisphenol A (C;5H;60,) includes fifteen carbon,
sixteen hydrogen, and two oxygen atoms. Xylenol (CgH,,0)
contains eight carbon, ten hydrogen, and one oxygen atom.
Dichlorophenol (C¢H,Cl,) comprises six carbon, four hydrogen,
two chlorine, and one oxygen atom.

After performing geometric optimization, determine the
adsorption energy of different organic compounds using eqn
(1), showcasing the interconnection of compound with upper
layer atom. Computed adherence energy values, obtained post-
geometry optimization, are predominantly positive, indicating
varying degrees of interaction strength and weakness across
different organic compounds. The adsorption distance of these

Fig. 3 Configuration of phenolic compounds adsorbed on bismuthene surface. (a) o-nitrophenol (b) catechin (c) phenol (d) bisphenol A (e) 2,4-

xylenol (f) dichlorophenol.
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organic compounds from the bismuthene upper layer atom falls
within the range of (3-5) A, with the adsorbent being positioned
parallel to the upper layer of the slab atom.

In order to exemplify the modeling concept introduced in
this paper, an exhibition of the adsorption process was carried
out. Fig. 3 exhibits the optimized arrangement of different
organic compounds adhered to the bismuthene surface. The
visual representation offers both a y and z perspective of the
structure, showcasing the adsorbents attached to the top
surface of the bismuthene substrate. These adsorbents are
oriented parallel to the atoms on the upper surface, aimed at
improving the efficiency of the adsorption process.

3.3 Parameters of organic compounds adsorbed on
bismuthene surface

To analyze the interaction of the specified organic compounds
on the bismuthene surface, we calculated the adsorption energy
in both vacuum and water. Fig. 4(a) illustrates the adsorption
energy values for the interaction of organic compounds on the
bismuthene surface in both vacuum and water. Fig. 4(b) shows
the minimum adsorption distance from the surface of the
material to the organic compounds.

Following the adsorption of organic compounds, there is an
increase in the adsorption distance of the absorbent atoms,
causing the adsorbent to shift towards the hydroxyl group. Addi-
tionally, the hydroxyl group exhibits an upward tilt while the
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methyl group tilts downward towards the slab atoms. The order of
adsorption energy in vacuum for the organic compounds is as
follows: bisphenol A > o-nitrophenol > dichlorophenol > catechin
> xylenol > phenol. While the adsorption energy values in aqueous
medium water are of the order bisphenol A > o-nitrophenol >
xylenol > dichlorophenol > phenol > catechin. It is found that
positive values of adsorption energy are found according to liter-
ature.** The adsorption energy values are given in the Table 2.
Dalton et al. investigated the adsorption of nitrophenols on
2-propanol, calculating an adsorption energy of 2.72 eV. Their
study aimed to analyze the photochemical degradation and
electronic structure of nitrophenol.”” Sharma et al studied
activated carbon to analyze the adsorption behavior of catechin,
known as catechol. According to their calculated results, the
adsorption energy for catechol is —44.869 k] mol " (—0.468 eV).
Their study reveals that the carboxyl group has the greatest
effect on the adsorption process. Erwin et al. investigated the
adsorption response of phenol on pristine and metal-doped
phosphorene. Their results indicate that metal-doped phos-
phorene exhibits excellent phenol adsorption, with an adsorp-
tion energy of —0.90 eV in the gas phase and —1.20 eV in the
aqueous phase.”® Ahangar et al. studied the effect of doping on
the adsorption process of phenol by comparing pristine and Cu-
doped phosphorene. Their results show that the adsorption
energy of phenol on pristine phosphorene is —0.602 eV, while
Cu doping increases the adsorption energy to —1.14 eV.* In our

Distance (A)
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Fig. 4 (a) adsorption energy data (b) distance curves of organic compounds adsorbed on bismuthene.
Table 2 Adsorption energy comparison of different phenol on 2D materials
Bisphenol A Nitrophenol Xylenol Phenol Dichlorophenol Catechin
Bi (this work) 12.85 11.55 9.23 8.65 9.91 9.52
Bi-H,O (this work) 9.42 7.68 6.47 5.10 5.44 5.03
2-Propanol®’ 2.72
Croton caudatus activated carbon —0.468
Phosphorene?® —0.90
Cu-phosphorene®® —1.14

© 2024 The Author(s). Published by the Royal Society of Chemistry
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studies, the adsorption energy increases with decreasing atomic
distance. Additionally, when an aqueous medium is introduced,
the adsorption energy values shift towards more negative,
indicating significant changes in adsorption energy. The
adsorption energy values indicate that all adsorbed organic
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compounds exhibit values greater than 1, indicating chemical
adsorption. Analyzing adsorption parameters enables us to
swiftly and efficiently identifying highly reliable adsorption
process. In gas absorption process, higher adsorption energy
corresponds to shorter equilibrium adsorption distances.
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Fig.5 Density of states of phenolic compounds adsorbed on bismuthene (a) o-nitrophenol (b) catechin (c) phenol (d) bisphenol A (e) xylenol (f)
dichlorophenol.
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3.4 Electronic properties of organic compounds adsorbed on
bismuthene surface

The investigation delved into the electronic characteristics of
phenolic compounds upon adsorption onto the bismuthene
surface, offering a comprehensive analysis. We have applied
spin polarized calculation to the molecules adsorbed systems
and found their behavior as non-magnetic and DOS results are
added as ESI L.}

Fig. 5(a)-(f) presents the computed results of the total
density of states (TDOS). Observing these figures reveals
minimal alterations in TDOS among various systems post-
adsorption, with their structures closely resembling that of
the Bi surface. Notably, the primary contribution to TDOS stems
from the adsorbents.

As shown in Fig. 5(a)-(f), for nitrophenol, p orbital of C, O
and s orbital of H exhibit overlapping peaks within the value of
(—7 to —4.8) eV. For catechin, p orbital of C, O and s orbital of H
displays overlapping peaks within the values (—7.9 to —4.4) eV.
For phenol, p orbital of C, O and s orbital of H shows over-
lapping peaks upon (—6.5 to —4 and —1.9 to —1) eV. As can be
seen from figure the overlapping peaks have much more
contribution in total density of states. For bisphenol A, p orbital
of C, O and s orbital of H exhibits overlapping peaks upon (—6 to
—4) eV. For xylenol p orbital of C, O and s orbital of H presents
overlapping peaks upon (—6.7 to —4 and —1.75 to —1) eV. Also
for dichlorophenol, p orbital of C, O and s orbital of H
demonstrates overlapping peaks upon (—5.5 to —4 and —3 to
—1) eV. These compounds display dominant peaks in valence
energy band, with overlapping peaks making valuable input to
aggregate electronic states density, along with hybrid peaks.*

The direction of charge transfer during adsorption is indi-
cated by the positive and negative values. The study demon-
strates that in the adsorption process, charge transfers from the
bismuthene surface to the adsorbents. Nitrophenol take charge
of amount (—0.098e), catechin take charge of value (—0.092¢),
phenol take charge of value (—0.079e), xylenol accepts charge
from bismuthene surface of amount (—0.097e), while in case of
dichlorophenol, this compound take charge of amount

L AD A8 020 A

) ) O

(b)

Fig. 6
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(—0.04e). The magnitude of charge transfer for each system is
relatively low, which aligns with the earlier analysis of adsorp-
tion energy. Specifically, for bisphenol A, the higher amounts of
(—0.116€) charge displacement among the bismuthene surface
and adsorptive material indicate a stronger adherence effect
between them.*®

3.5 Electron localization function

Electron density function, is associated with the density of kinetic
energy.* It serves like measure also the confinement and scat-
tering of charge.” Electron density function values range starts
from 0.5 to 1.0, representing localized electron regions involved
in bonding and nonbonding interactions. For instance, electron
localization often occurs within nucleus shells, electron-sharing
bonds, or unshared pairs. Weak van der Waals forces are char-
acterized by electron density function values from 0.0 to 0.5,
whereas subatomic particle dispersion spans across electron
shells.*> The ELF map offers insight into how electron density on
surfaces and adsorbents changes as complexes form, high-
lighting regions of higher electron density as shown in Fig. 6.
As depicted in the preceding Fig. 6, the pure bismuthene
surface exhibits a predominance of red coloration, indicating
a higher charge density on its surface, while the green color
signifies a range of <0.5, confirming the existence of covalent
bonds.*® Following the adsorption of nitrophenol, there is
a noticeable change in color, with the appearance of a light blue
shade, indicating charge displacement arising from bismu-
thene layer toward phenolic compounds. Additionally, a faint
red color indicates reduction of electron density on the surface.
Likewise, other phenolic compounds demonstrate analogous
electron localization function behavior as described previously.

3.6 Vibrational frequency analysis

The analysis of the potential energy surface, derived from
harmonic vibrational frequencies, for both the phenolic
compounds and the molecule-absorbing system, verifies the
energy minimum. The degree of molecule interaction becomes

N

m%\fsﬁ -

(a) ELF of pure bismuthene surface (b) ELF of nitrophenol adsorbed bismuthene.
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evident through comparing the vibrational frequencies before
and after gas molecule adsorption onto bismuthene layer.

In the bismuthene with bisphenol A molecules, the calcu-
lated stretching frequency registers at 2237 cm s~ ". Stretching
frequencies for catechin molecules, before and after adsorption

onto bismuthene layer, are 213 cm s~ ' and 2503 cm s,

18794 | RSC Adv, 2024, 14, 18787-18797

respectively. This outcome underscores the strong interaction
tendency of catechin, as previously inferred from charge
transfer and binding energy calculations. Regarding nitro-
phenol, the calculated frequency ranges between 1343 cm s
and 957 cm s, indicating the significant impact of adsorption.
In contrast, phenol exhibits a frequency shift from 1276 cm s~

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in its free state to 2159 cm s~ upon binding with bismuthene.
With xylenol, a similar trend is observed, transitioning from
1230 cm s~ to 2269 cm s~ ' when adsorbed and interacting with
other molecules. Likewise, for dichlorophenol, the stretching
frequency is calculated to change from 1457 cm s~ to 1870 cm
s~'. This shift in vibrational properties could serve as a criterion
for molecules detection.

Hence, the preceding discourse confirms that every mole-
cule, barring catechin and xylenol, engages in a chemical
bonding interaction with bismuthene, leading to notable
modifications in their vibrational attributes.*®

3.7 Stability of bismuthene before and after adsorption

To assess the efficiency of bismuthene monolayer in adsorbing
phenolic compounds according to environmental standards, we
created a simulation environment comprising phenolic mole-
cule on bismuthene monolayer. The simulation involved opti-
mizing all atoms in the system without constraints. The energy
(E) of the system was then graphed against simulation time (fs)
and are show in Fig. 7.

As shown in Fig. 7(a) the maximum energy peak of pure
bismuthene is analyzed at the value of —1939 eV and there is
continuous smooth peak for energy graph. After the adsorption
of nitrophenol Fig. 7(b) it can be seen that the energy graph gets
its maximum peak at the energy value of —2824.6 eV, and also it
can be concluded that the energy value fluctuates within
(—2824.8 to —2826.0) eV. After the adsorption of catechin
Fig. 7(c) on bismuthene layer, it can be concluded from the
results that the energy approaches to maximum value
—2626.5 eV. The overall graph peaks fluctuates within the range
of (—2626.6 to 2627.8) eV. After adsorbing phenol Fig. 7(d) the
results shows that the system get maximum energy of
—2498.4 eV, and the overall energy of the system varies within
the range (—2498.5 to 2499.6) eV. In case of bisphenol A
adsorption Fig. 7(e) the results conclude that the maximum
energy for this system is —3289.6 eV, after analysis of energy
graph it can be seen that energy value fluctuates within (—3290
to 3291.6) eV. After adsorption of xylenol Fig. 7(f) the results
concluded that the maximum energy of the system is —2672 eV,
and from the overall results of the energy graph it is concluded
that energy value varies within (—2672.25 to —2674.0) eV. In
case of dichlorophenol adsorption the maximum energy value
for the adsorption system is —2700.8 eV while the overall energy
value varies within the range of (—2701.0 to —2702.4) eV. The
variation in energy around a constant value indicates that the
simulated system has achieved an energetically equilibrium
state, affirming the reliability of the resulting data obtained.**

4. Conclusion

Theoretical calculations have been conducted to analyze
adherence among carbon-based compound from polluted water
onto the bismuthene surface. Calculation confirms that various
phenolic molecules can be adsorbed simultaneously on the
bismuthene surface. While adsorbing phenolic molecules, the
aromatic ring structure predominantly maintains level

© 2024 The Author(s). Published by the Royal Society of Chemistry
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positioning, whereas the CH; and OH groups exhibit an
elevated tilt. Observation made for nearest atomic distances in
various adsorption setup indicates the occurrence of chemi-
sorption. Of these, the bisphenol A (C;5H;60,) system exhibits
the shortest atomic distance of 4.00 A, suggesting that config-
uration among adsorption setup is reliable. Furthermore,
bisphenol A (C;5H;60,) system demonstrates a maximum
adsorption energy of 12.8509 eV, indicating the adsorption
mechanism of that arrangement looks most favorable to
happen. By analyzing electronic states density, it is evident the
fact overlapping crests of C-p, H-s, and O-p orbitals are located
away from the Fermi energy level in valence band, indicating the
system's stability and contributing to the aggregate electronic
states density. The conclusion drawn from the charge transfer
indicates that bisphenol A exhibits more stable adsorption on
the bismuthene surface.
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