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Abstract

Mercury contamination in aquatic environments poses significant risks to ecosystems
and human health, underscoring the need for effective remediation technologies. This
research examines the physicochemical properties of the synthesised polymer materials,
and DFT calculations were used as an initial step for material development to validate
our experimental outcomes for the prepared polymers: polyaniline (PANI), polyether-
sulfone (PES), and polyamidoamine (PAMAM). Furthermore, DFT studies were used to
elucidate structure—property relationships in polymers, serving as performance predictors
for mercury adsorption and selectivity, as well as for their applicability in electronic sensors.
The characterisation techniques indicated the high functional group densities of PAMAM
dendrimers for effective chelation, while the semi-crystalline structure of PANI improves
metal binding. DFT calculations reveal that PAMAM exhibits the smallest HOMO-LUMO
energy gap, indicating a high reactivity towards mercury ions. Binding energies indicate
that PAMAM forms the most stable single-ion complex; PAM1Hg (0.242 eV, 23.37 k] mol’l),
whereas PES exhibits enhanced interaction at elevated mercury concentrations, resulting
in stable multi-Hg complexes, PES3Hg (0.136 eV, 13.13 k] /mol). The findings indicate
that nitrogen-rich functional groups and aromatic systems play a crucial role in mercury
binding, highlighting the promise of conductive polymers for creating effective adsorbents
aimed at mercury remediation in industrial wastewater.

Keywords: mercury remediation; DFT; heavy metals; conductive polymers; binding
energy; adsorption

1. Introduction

There has been a corresponding increase in the concentration of heavy metals found
in wastewater due to the expansion of industry and human activities [1]. The introduction
of wastewater laden with heavy metals into the environment adversely affects both human
populations and the ecosystems [2]. Heavy metals exhibit non-biodegradable properties
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and are recognised for their carcinogenic potential [3]. Consequently, elevated concentra-
tions of these metals in water can lead to significant health issues for organisms [4]. The
heavy metals that are most commonly recognised include lead (Pb), zinc (Zn), mercury
(Hg), nickel (Ni), cadmium (Cd), copper (Cu), chromium (Cr), and arsenic (As). Even in
trace amounts, these heavy metals pose significant health and environmental risks [5]. Hg
is recognised as one of the most toxic metals and is widely used across various industries,
including pesticides, chlorine-alkali chemistry, batteries, and electronic devices. Mercury
(I) (Hg?*) ions in water exhibit significant reactivity and pose a considerable risk to human
health and ecological systems [3]. Methylation of Hg?* ions occurs readily, leading to signif-
icant toxicity even at low doses (1.6 ug kg™!) [4]. The US Environmental Protection Agency
has established a mercury concentration limit of 0.01 mg L~! for wastewater discharge [5],
while in China, the limit is set at 0.05 mg L~! [6]. In South Africa, regulatory bodies
have established strict discharge restrictions because of the substance’s bio-accumulative
properties and toxicity, even at minimal concentrations [7]. Typically, in South Africa, the
South African Bureau of Standards (SANS 241) sets a limit of <0.006 mg L~! for mercury
concentration, and the Department of Water and Sanitation (RSA) sets a limit of <0.002 mg
L~ for mercury concentration in effluent discharge. Consequently, it is crucial to develop
cost-effective methods for the effective removal of Hg?* ions from water bodies to ensure
public health safety [7,8].

Among the diverse array of water treatment technologies developed, adsorption
stands out as one of the most promising methods. Conventional adsorbents such as
clay [9,10], activated carbon [11], zeolite [12], and waste biomass [13] have been investigated
for their efficacy in mercury removal. Furthermore, innovative chemically engineered
materials such as layered double hydroxides [14], metal-organic frameworks (MOFs) [15],
and MoS; nanosheets [16], as well as polyaniline and polypyrrole composites [17,18],
have been explored and have shown promising results. Nonetheless, many of these
adsorbents exhibit limited adsorption capacity, inadequate selectivity, and insufficient
regeneration capabilities. Moreover, these adsorbents require extreme pH conditions
and intricate preparation processes, are costly, and are therefore impractical for their
intended applications. Removing Hg?" ions to meet the established safety standards
presents a significant challenge. Therefore, it is essential to develop innovative adsorption
materials for the removal of Hg?" ions. Historically, polymers have been categorised
as non-conductive materials, due to their stable molecular structure characterised by
covalent bonds within a saturated carbon framework [19]. However, the discovery and
development of conductive polymers have sparked a growing interest in the domain of
polymeric conductive materials.

Conducting polymers possess a significant quantity of delocalised m-electrons, which
facilitate their ability to conduct electricity and engage in electrostatic interactions with
other charged molecules [9]. These characteristics are crucial for the effective removal of con-
taminants in wastewater. Polyaniline (PANI) stands out as a highly attractive material for
the removal of mercury from wastewater, owing to its distinctive characteristics, including
robust electrical conductivity, impressive electrochemical performance, significant chemi-
cal stability, exceptional redox behaviour, mechanical flexibility, and affordability [20,21].
Recent studies by Ganachari et al. [22] and Mustafa et al. [9] demonstrate enhanced heavy-
metal removal using PANI-based composites. The spectroscopic and morphological analy-
ses confirm their granular, porous structure, which facilitates rapid membrane integration
and Hg?" uptake.

This study examines the synthesis, characterisation, and comparative physicochemi-
cal properties of three conductive polymers: polyaniline (PANI), polyethersulfone (PES),
and polyamidoamine (PAMAM). It explores how these properties position them as po-
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tential adsorbents for mercury remediation in wastewater. Polyethersulfone (PES) stands
out as a highly promising adsorbent material within the sulfone polymer family, par-
ticularly among amorphous polymers, due to its exceptional mechanical, chemical, and
thermal strength [2,14]. Polyamidoamine (PAMAM) dendrimer, in contrast, is a hyper-
branched polymer characterised by internal cavities, a large number of terminal func-
tional groups, a highly cross-linked structure, and a significant adsorption capacity that
increases with generation. This makes it an attractive option for mercury removal in
wastewater, as mercury is drawn to the nitrogen atom, facilitating easy bonding and
the formation of stable complexes [15,16]. Thanks to advancements in computer tech-
nology, it is now possible to analyse the adsorption mechanism of heavy metal ions on
polymeric materials at the molecular level through simulations. Additionally, in light of
the environmental issues associated with mercury and its organic derivatives, numerous
theoretical [23,24] and experimental [25] investigations have been conducted to remove
these species via adsorption. Various matrices, including graphitic carbon nitride, vanillin,
cellulose xanthate, sulphur-containing biomass composites, and carbon nanotubes, were
utilised for DFT studies [23]. Bihain et al. [26] conducted a comparative study at the theo-
retical level using wB97X-D/6-31 + G(d,p)/LANL2DZ, examining the matrices cellulose
xanthate (XC), graphitic carbon nitride (g-C3Ny4), and modified vanillin monomer (VN)
to determine the most effective adsorbent matrix for the organic species methylmercury
(CH3Hg") [26]. The observed results confirmed that the most effective matrix for interac-
tion with CH3Hg* was VN, due to the presence of a shift base, with AE;,q = —1.15 kcal
mol~! and bond lengths ranging from 2.56 to 2.66 A. Similarly, studies by Lan et al. [27]
demonstrated the use of heteroatom-doped carbon nanotubes (CNTs) and DFT calculations
for the adsorption of various metal ions. The authors explore various doping methods for
nanotubes, including heteroatom doping with oxygen, boron, boron—nitrogen, nitrogen,
and sulphur, as well as undoped nanotubes. The sequence of binding energy for Hg?* with
CNTs was observed as N-CNT > O-CNT > CNT > B-N-CNT > B-CNT > S-CNT, suggesting
that incorporating dopants like nitrogen and oxygen enhances the adsorption affinity of
Hg?* on CNTs. The use of DFT is valuable for exploring molecular-level interactions be-
tween heavy metal ions and polymer materials, enhancing understanding of these intricate
interactions during adsorption.

Although there is a large body of literature on individual polymer adsorbents for
mercury removal, a systematic and comprehensive comparison of three polymer classes
with different structures, namely a linear m-conjugated polymer (PANI), a thermoplastic
engineering polymer (PES) and a hyperbranched dendrimer (PAMAM), under homoge-
neous DFT conditions and their experimental physicochemical characterisation has not
been reported before. Previous computational studies on mercury adsorption have been
mostly carried out on carbon-based adsorbents (graphitic carbon nitride, carbon nanotubes,
and graphene oxide), using different DFT approaches, making it difficult to make a direct
comparison. Moreover, the use of several Hg?* loading cases (1 Hg vs. 3 Hg) to probe
the site saturation behaviour is a methodological breakthrough above single-ion DFT re-
search. The simultaneous presence of three different binding mechanisms, i.e., T-conjugated
(PANI), sulfone-mediated soft coordination (PES) and amine/amide chelation (PAMAM)
in a unified comparative DFT framework, allows for a structure-binding-mechanism anal-
ysis that leads to informed design of advanced polymer-based adsorbents for mercury
remediation. Thus, the present investigation: (1) synthesises and characterises PANI, PES
and PAMAM by a comprehensive multi-technique analysis (SEM/EDX, XRD, UV-Vis,
FTIR); (2) performs DFT calculations at BSLYP/LANL2DZ/6-311G(d,p). This technique
offers a fundamental understanding of systematic polymer design while simultaneously

https://doi.org/10.3390/analytica7030055


https://doi.org/10.3390/analytica7030055

Analytica 2026, 7, 55

4 0of 28

acknowledging the technical constraints, such as shape, solvation, and scalability, that are
present in practical mercury remediation settings.

2. Materials and Methods
2.1. Materials

Aniline hydrochloride, ammonium peroxydisulfate (NH4)2S,03g), hydrochloric acid
(HCl), sodium hydroxide (NaOH), bisphenol A, bis(4-fluorophenyl) sulfone (BFS), ethylene-
diamine (EDA), methyl acrylate, methanol, dimethyl sulfoxide (DMSO), and potassium
carbonate were acquired from Sigma-Aldrich, Johannesburg, South Africa. All reagents
were of analytical grade and used as received without further purification. All solutions
were formulated using deionised (DI) water.

2.2. Synthesis of PANI

To synthesise PANI, a modified method reported by Mokole et al. [28] was employed.
A measurement of 20 mL of aniline monomer was combined with 200 mL of 1 M HCl,
and the mixture was stirred continuously to ensure complete protonation of the aniline.
Subsequently, 2.13 g of aniline blue was added to the mixture as a dopant and potential
morphology modifier. After achieving a homogeneous solution, ammonium persulfate
(APS) was introduced dropwise as an oxidising agent in a 1:1 molar ratio with respect
to aniline. The reaction mixture was subsequently stirred continuously in an ice bath
maintained at 0-5 °C to regulate the polymerisation rate and preserve structural integrity.
The polymerisation process was allowed to continue for 4-6 h, during which the solution
turned dark green, indicating the formation of the emeraldine salt form of PANI The
precipitate obtained was filtered, then washed with deionised water and ethanol to remove
any unreacted monomers and by-products, and finally dried under vacuum at room
temperature. The chemical reaction of the process is depicted in Scheme 1, whereas Figure 1
provides a schematic diagram of the synthesis procedure.

*

» I
+ 0-S-O°

NH, i i
n @ NHs/6  * HCI A
Aniline Ammonium sulfate Hydrochloric acid HNONH@* NH4 o

Polyaniline

Scheme 1. Reaction showing polymerisation of aniline to polyaniline (PANI). (*)-repeating unit of
the polymer structure.

9 / APS
Aniline ‘ /" solution

Stirrer + Hot plate

Figure 1. Synthesis of PANI nanomaterial.
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2.3. Synthesis of PES

Polyethersulfone (PES) was synthesised through a nucleophilic aromatic substitution
polycondensation reaction involving bisphenol A and bis(4-fluorophenyl) sulfone (BES),
reported by Nagane et al. [29]. Initially, precise amounts of bisphenol A and BFS were
dissolved in 40 mL of the polar aprotic solvent dimethyl sulfoxide (DMSO). Potassium car-
bonate served as a dehydrating agent and base, promoting the deprotonation of bisphenol
A and forming the active phenoxide nucleophile. The reaction mixture was agitated and
heated under nitrogen to avoid oxidation and moisture contamination. The temperature
was systematically increased to 80-100 °C and held steady for 1 h to facilitate reaction
initiation. The temperature was then raised to 160 °C and held for 2 h to ensure complete
polymerisation. Following the reaction, the viscous polymer solution was cooled and then
poured into a large volume of methanol to facilitate precipitation of the PES. The product
underwent filtration, followed by thorough washing with methanol and water to eliminate
unreacted materials and salts, and was subsequently dried under vacuum at 60 °C. The
synthesis reaction is illustrated in Scheme 2, and the procedure is summarised in Figure 2.

n Bisphenol A

HsC CHj

potassmm carbonate
HsC_ CHy
+ OK* *
:: :: : : /©/ \©\ A]/ + K+ F + by-products

potassium
n Bis(4-Fluorophenyl) sulfone

o +

)

Polyethersulfone fluoride

Scheme 2. Polymerisation reaction for PES formation. (*)-repeating unit of the polymer structure.
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Figure 2. Pictorial illustration of PES synthesis.

2.4. Synthesis of PAMAM

The synthesis of PAMAM dendrimers was conducted using a divergent method,
starting with ethylenediamine (EDA) as the core initiator. This method was adapted from
the work of Lyu et al. [30]. The reaction unfolded through a series of iterative Michael
addition and amidation steps. Initially, EDA was combined with an excess of methyl
acrylate in methanol at room temperature for 48 h under constant stirring, yielding an ester-
terminated half-generation (G0.5) intermediate. The product was subsequently purified
using rotary evaporation to eliminate the solvent and any unreacted methyl acrylate. In the
next phase, the G0.5 intermediate underwent amidation with an excess of EDA to produce
a complete generation (G1.0) PAMAM dendrimer, once more under ambient conditions
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for 48 h. The two-step process involving Michael addition followed by amidation was
repeated to achieve higher generations (G3.0). A proposed reaction scheme is represented
in Scheme 3, and a schematic illustration of the synthesis process is shown in Figure 3.

Micheal Addition:

GO0.5, Ester terminated half-generation

HoN h}—o
2 \/\NHZ + \)J\ o ‘<\\
ethylenediamine
O‘(/ L>-

GO0.5, Ester terminated half-generation

Methyl acrylate

uonepiweysisjoujwe Jejs3

HN{_\
HN{—/ \_>ﬁNH

H2N G1, Generation 1 PAMAM

H2

Scheme 3. Scheme illustrating Michael addition reaction for PAMAM formation.

Figure 3. Illustration of PAMAM synthesis.

2.5. Density Functional Theory (DFT) Calculations

Density functional theory calculations were conducted for the three polymers (PANI,
PES, and PAMAM) in conjunction with mercury ions. Additionally, optimised polymers
incorporating mercury ions were introduced sequentially to the polymer surface, with a
limit of three ions. These were designated as PES1Hg, PANI1Hg, PAMAMI1Hg, PES3Hg,
PANI3Hg, and PAMAMB3Hg, respectively. The calculations utilised the B3LYP and 6-311G
(d,p) as basis set for the polymers, while the LANL2DZ basis set was used for the Hg
atoms and composites [31,32]. LANL2DZ basis set accounts for relativistic effects in the
5d shell of mercury. The software employed was Gaussian 09 [33]. GaussView 5.0.8 [23]
was employed to visualise the optimised structures. All geometric parameters are fully
optimised, and no imaginary frequencies are observed. The B3LYP method was selected
due to its successful application in predicting and characterising the structural, electronic,
and vibrational features of organometallics. Additionally, this method has proven to be
one of the most accurate for both molecular and solid-state systems. Density-of-states
(DOS) plots are generated using the GaussSum 3.0 software. It should be noted that the
DFT calculations were performed on the dimeric and low-oligomeric models of PANI,
PES, and PAMAM due to computational limitations with complete polymer chains. The
B3LYP functional with the LANL2DZ potential and 6-311G(d,p) basis set was too expensive
and could not accurately capture bulk attributes. The choice of oligomeric models is
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supported by agreement with electrical characteristics relevant to coordination chemistry
and the segregation of functional groups within amorphous polymers. Future work will
include periodic density functional theory calculations with plane-wave basis sets, quantum
mechanics/molecular mechanics embedding, and molecular dynamics simulations. This
work provides a first-step assessment to identify reactive coordination sites and map
electronic hierarchies in the polymers. Additional calculations are planned to confirm these
findings with more advanced computational methods.

The DFT calculations yielded the electron densities of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), along with the
optimised geometry, which illustrated the interactions between the different polymers and
the mercury atoms. Furthermore, the energies of the highest occupied molecular orbital
and the lowest unoccupied molecular orbital, as well as the optimised energy and dipole
moment, were determined. The energies of HOMO and LUMO were utilised to calculate
physicochemical descriptors, including but not limited to chemical hardness (), softness
(S), electrophilicity index (w), and chemical potential () (Equations (1)—(4)), where ¢; is
the LUMO energy and ey is the HOMO energy.

_(9E ~ (e +en)
me <8N)v<7>_ 2 @
1 82E (SL—SH)
=2 (== ~ o= 2
=2 (BNZ)U(7) 2 )
1
S=-— 3
. @3)
2
_
w—zﬂ (4)

These calculations elucidate alterations in polymer characteristics upon mercury bind-
ing and the stability of that binding [34]. The estimation of the binding energies was
conducted utilising Equation (5).

EB.E. e E[Polymer—an2+] — (Epolymer + nEHg2+) (5)

In this context, Ep g indicates the binding energy, whereas E complex (Polymer—nHg?")
refers to the total energy of the optimised composites, polymer-nHg. The terms Epojyer
and E, o2+ denote the energies linked to the optimised polymer and nHg** ions.

Dimeric model systems were used here to represent larger polymeric frameworks
of PANI, PES and PAMAM. The motivation for this was computational constraints; the
modelling of full-length polymer chains with elongated repeat units and complex branch-
ing structures is prohibitively expensive at the level of quantum-chemical accuracy used
here (DFT with hybrid functionals and relativistic basis sets for Hg). We acknowledge
that these dimeric fragments are only an approximation to the real polymeric materials,
since they represent local electronic properties and interactions of functional groups, but
they do not fully represent long-range cooperative effects, chain entanglement or morpho-
logical heterogeneity. The methods for the modelling of polymeric systems are becoming
more sophisticated, including periodic boundary condition DFT calculations for infinite
chains [34], molecular dynamics simulations with reactive force fields to study solvation
and dynamic adsorption processes [35], coarse-grained and multiscale techniques for ex-
tended networks and QM /MM hybrid methods that incorporate quantum level binding
sites into classical polymer environments [36]. These advanced techniques have been

successfully applied in similar settings and could enhance the present results by providing
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a better understanding of collective behaviour and adsorption mechanisms. Thus, the
available dimeric models offer useful qualitative information on the binding affinity of
Hg?*, and their limitations should be taken into account. Future studies can improve the
understanding of the composite by utilising more advanced computational frameworks to
better capture the polymer-metal interactions.

2.6. Characterisation

Morphological studies of the synthesised nanomaterials were performed by means
of scanning electron microscopy (SEM, HITACHI, SU 8020), while an EDX spectrum
was obtained with a similar instrument. To enhance image resolution and contrast, a
5-nm-thick layer of platinum-palladium alloy was sputtered onto the samples (Quorum,
Q150R). Powder X-ray diffraction (XRD) patterns were recorded on a Rigaku D/max RB
X-ray diffractometer using graphite monochromatized high-intensity Cu K« radiation
(A = 0.15406 nm) in the 26 range from 3° to 80°. Fourier transform infrared spectroscopy
(FTIR) spectra of the samples were recorded using a PerkinElmer Spectrum 100 spectrome-
ter fitted with a universal attenuated total reflectance (ATR) accessory over the wavenumber
range of 4000-500 cm~!. The UV-vis absorption spectrum of the prepared polymers was
obtained from a DR 5000 UV-Vis spectrophotometer equipped with a cuvette compartment
for placing the sample. ChemDraw Professional 15.0 software was used to draw the 2D
structures of the synthesised polymers and the reaction schemes.

3. Results
3.1. SEM Analysis

Figure 4a—c presents SEM micrographs of PANI, PES, and PAMAM, respectively.
Figure 4a illustrates a rough granular morphology characterised by enhanced cohesion
and aggregation compared to the morphology observed in other materials. The observed
nanostructured properties significantly enhance adsorption and ion transport, rendering
PANI exceptionally effective for environmental remediation applications. Investigations
into PANI nanostructured materials consistently reveal comparable morphologies, linked
to enhanced conductivity and surface area, making them suitable for practical applica-
tions in adsorption and sensing [17,22]. This observed phenomenon in PANI has been
widely reported in the literature and is attributed to m—m stacking between neighbouring
oligomeric aniline chains during oxidative polymerisation. This is corroborated by the
HOMO localisation analysis (seen in a later section), which shows that the HOMO of PANI
is fully located on the sp? aromatic carbon skeleton and the delocalised 7t-electrons of the
quinoid/benzenoid repeat units. The 7-electron delocalisation allows chain aggregation,
which explains the granular SEM appearance, in addition to the aryl-ring-based bidentate
coordination of Hg?* as expected for the PAN1Hg and PAN3Hg complexes (see Section 4.4).
Thus, the major binding site for Hg?* identified by DFT analysis is also the structural origin
of the macroscopic porous morphology observed by SEM.

The micrograph in Figure 4b shows a PES micrograph exhibiting a clustered, par-
ticulate structure with large aggregates and some interstitial voids, which enhances its
ability to trap and anchor particles. The uneven surface features enhance permeability and
mechanical strength while also providing sites for the incorporation of functional groups,
thereby improving adsorption characteristics. Based on our theoretical calculation, the
HOMO analysis shows that the electron density is mainly localised at the two aryl rings
attached to the C-O-C bridge, whereas the LUMO spreads towards the aryl-sulfonate ring
(Section 4.2). The electronic topology shows that PES exposes its HOMO-rich aryl-ether
regions at the polymer surface, consistent with the bidentate coordination at the electron-
rich site observed in PES1Hg. Hence, the large aggregate surface areas observed in the
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SEM image provide physical access to the electron-rich coordination sites identified by
DFT analysis. In addition, the sulfone-rich surface was validated by EDX (S-peak) and
SEM surface topology. The tridentate PES3Hg coordination mode can be correlated with
the sulfone-rich surface, in which the lone pairs of sulfone oxygen atoms act as additional

soft-intermediate donor sites for Hg?*.

Figure 4. (a—c) Micrographs of PANI, PES and PAMAM, respectively; (d—f) EDX spectra of PANI,
PES and PAMAM, respectively.

While Figure 4c illustrates the micrograph of PAMAM. The material exhibits a textured,
stratified surface, which results from the aggregation of dendrimers and the self-assembly
process that leads to fold formation during processing. The presence of wrinkles and
surface grooves enhances host capacity and increases surface area for chemical adsorption
and nanoparticle integration, making it ideal for scaffold applications and environmental
remediation [17]. Alamos-Musre et al. [37] introduced a PAMAM dendrimer characterised
by layered, wrinkled sheet morphologies, which correlate with enhanced mechanical
strength and adsorption capacity. Furthermore, the wrinkled topology induces re-entrant
pores and cavities that physically mimic the interior voids of the dendrimer, which DFT
suggests as secondary coordination sites for Hg?* (involving interior amide groups in addi-
tion to terminal -NH). The elemental makeup of nitrogen, oxygen, carbon and hydrogen
obtained by the EDX spectrum is in exact agreement with the oligomeric PAMAM fragment
predicted by DFT. The strong N K« EDX signal indicates that the PAMAM surface has a sig-
nificant concentration of primary amines (terminal -NHj) and secondary amines/amides
(interior C(=O)-NH). These are the main electron-rich (negative potential) locations for
Hg?* chelation shown on the ESP map. This gives a direct quantitative link between the
EDX elemental mapping and the DFT electronic structure. The N-rich surfaces observed by
EDX correspond directly to the N-lone-pair donor atoms identified computationally as the
binding sites for Hg?*. Conclusively, the EDX spectra shown in Figure 4d—f validate the
presence of all anticipated elements in the synthesised nanomaterials.

3.2. XRD Analysis

Further details on the structures of PANI and other nanostructured materials were
obtained through powder X-ray diffraction (XRD) measurements, which were used to
analyse and provide insights into the morphology and crystallinity of the polymers [38].
The XRD results for PANI, alongside those of the other analysed materials, are presented
in Figure 5. The notable crystalline peaks identified at 20 = 20.12°, 24.24°, and 27.30°
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correspond to the (020), (200), and (121) crystal planes of PANI in its emeraldine salt form.
The observed peaks signify distinct areas within an amorphous matrix [39]. Figure 5
presents the diffractogram of PES powder, revealing that this polymer predominantly
exhibits an amorphous structure. The data displays broad features alongside sharp peaks at
26 =18.4°, 28.40°, and 29.25°. It is noteworthy that PES can exhibit semicrystalline prop-
erties that may vary with processing conditions, composites, and additives. Observa-
tions of peaks at low angles indicate the presence of short-range order or crystalline
microdomains within the amorphous matrix. Similar broad XRD features were reported by
Motlokoa et al. [14]. The PAMAM analysis shows broad amorphous peaks at 26 = 19.74°,
57.50°, and 68.84°. The observed peaks are characteristic of PAMAM dendrimers, which
exhibit limited crystallinity due to their hyperbranched molecular structure. The lack
of clear diffraction peaks indicates a material characterised by significant disorder. The
findings of Al-Gamal et al. [18] indicate that PAMAM generally exhibits a broad band in the
XRD pattern at approximately 20 of 21°, which signifies an amorphous polymeric phase.
This is associated with significant molecular flexibility and is well-suited for applications
involving adsorption and surface reactivity, aligning with its use in environmental remedi-
ation or as a host in nanocomposites. In conclusion, these interpretations underscore the
appropriateness of the prepared polymers for environmental applications.

PAMAM

Intensity (a.u.)

10 20 30 40 S50 60 70 80 90
20 degrees
Figure 5. XRD diffractogram of PANI, PES and PAMAM.
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3.3. UV-Vis Analysis

The absorption spectra of PANI, PES, and PAMAM are presented in Figure 6a—c. In
Figure 6a, the UV spectra of the PANI reveal an absorbance peak at 270.18 nm, accompanied
by a shoulder peak at 314.12 nm. These features are associated with m—mt* transitions in aro-
matic rings [17,18]. In addition to these peaks, there exists a minor free electro-absorption
tail near 391.23 nm, which can be identified as the conductive form of PANI [17]. The
absorption band near 600 nm is associated with the intramolecular electronic transition oc-
curring between the quinoid and benzenoid units [16]. This band at 270.18 nm is commonly
documented for PANI and PANI-based composites. The peak observed at 314.12 nm is
occasionally characterised as t—7t* or polaron-7*, contingent upon the oxidation or doping
level. The precise location is heavily influenced by factors such as oxidation state, protona-
tion (doping), and the polymer chain’s conformation. This suggests that the PANI was in
the emeraldine state, consistent with the XRD findings. Numerous recent investigations
of PANI have revealed a consistent long-wavelength characteristic. The multi-band ab-
sorption features are in perfect agreement with the DFT frontier orbital model: the HOMO
of PANI is localised on the 7r-conjugated sp* carbon backbone and the bridging N atoms,
but the LUMO is delocalised over the same aromatic system. The modest HOMO-LUMO
gap computed for PANI, the second narrowest among the three polymers (Egap: PES >
PANI > PAMAM), is in agreement with the lowest energy absorption measured at around
600 nm. The UV-Vis spectrum supports the protonation state used for the DFT model and
this suggests the presence of the emeraldine salt state.
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Figure 6. Cont.
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Figure 6. UV-Vis spectra of (a) PANI, (b) PES and (c) PAMAM.

The PES UV-Vis spectra (Figure 6b) exhibit absorption at 377.95 nm, which corre-
sponds to m—7t* transitions of the aromatic sulfone/sulfone-linked phenyl rings, thereby
confirming the characteristic optical fingerprint of PES. This band is frequently utilised in
membrane studies as a monitoring wavelength and is present in numerous PES character-
isation reports [20]. Additionally, the absorption observed at 599.15 nm falls within the
visible spectrum, consistent with the existing literature [38]. Furthermore, it is generally
noted exclusively in diphenylsulfone. The energy separation between these orbitals, ob-
served experimentally as the UV-Vis absorption edge at 377.95 nm, indicates the largest
HOMO-LUMO gap among the three polymers. In the context of adsorption reactivity, this
larger gap indicates a reduction in reactivity and an increase in the kinetic stability of the
PES adsorbent structure, aligning with PES being the most chemically resilient of the three
polymers. Nonetheless, the PES ESP map verifies that the lone pairs of the sulfone oxygen
and the aryl-ether bridge continue to possess adequate electron density for the coordination
of electrophilic Hg?*, even with the increased gap.

In the case of PAMAM, two distinct peaks are observed at 422.34 nm and 530.33 nm
(Figure 6¢). The peak observed at 422.34 nm corresponds to molecules containing organic
amides or amines, as well as dendrimers, and indicates m—7t* transitions of amide or
aryl fragments or n—7t* transitions of amide chromophores. Investigations into PAMAM
dendrimers typically indicate absorbance within the 300420 nm range. The narrowest
HOMO-LUMO gap corresponds to the lowest absorption energy (longest wavelength)
among the three polymers, confirming experimentally that PAMAM is the most electroni-
cally polarisable and reactive of the three systems. This is consistent with the DFT prediction
that PAM1Hg has the largest binding energy (—85.68 eV) for the single-Hg?" complexes.
The experimental UV-Vis data are quantitatively consistent with the DFT orbital gap en-
ergetics. The polymer with the lowest-energy UV-Vis absorption (PAMAM) also has the
narrowest DFT-computed Egap and the greatest Hg?* binding affinity at low loading.

3.4. FTIR Analysis

The functionalities of the prepared polymer nanomaterials are analysed and illustrated
in Figure 7. The absorption bands of PANI feature peaks at 613 cm ! and 1121 cm ™!, which
correspond to the out-of-plane C-H and in-plane C-H bending modes, respectively. The
peak observed at approximately 1289 cm~! corresponds to the conducting protonated
form, as it is attributed to the C-Ne* stretching mode in the polaron form of PANI The
bands observed at 1490 cm~! and 1570 cm ™! correspond to the stretching modes of C=C
and C=N in the benzenoid and quinoid groups of the PANI, respectively. The peak ob-
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served at 1315 cm ™! corresponds to a C-N stretching mode associated with the benzenoid

unit. The absorbance band observed at 2843 cm ! is indicative of an aromatic C-H stretch,
whereas the peak at 2923 cm ! is associated with the N-H stretching mode of an aromatic
amine. The N-H and C=N groups facilitate robust coordination with metal ions by donating
lone electron pairs. The quinoid (C=N) and benzenoid structures enable redox interac-
tions, which support both adsorption and partial reduction in Hg?*. The C=0 and C-N
groups observed at approximately 1680 cm ™! and 1300 cm ™! could serve as secondary
binding sites, potentially improving selectivity by forming stable complexes with mercury.
Singh et al. [39] showed that PANI-based composites utilise these functional groups for the

swift binding of Hg?*.
PAMAM
PES
3
=
g
=
g
E
w»
=
£
=
PANI

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 7. FTIR spectra of PANI, PES and PAMAM.

Figure 7 illustrates the peaks associated with the PES polymer. The peak at 552 cm ™!
corresponds to the C=C stretching vibration within the aromatic ring. The peaks observed
at 1188 cm~!, 1362 cm ™!, and 1583 cm ™! can be assigned to the sulfonyl (O=S=0) group,
whereas the peak at 1228 cm ™! corresponds to the aromatic ether (C-O-C) group. FTIR
has been widely employed to analyse the chemical composition related to the surface
modification of PES-modified membranes [40,41]. The S=O moiety imparts polarity and
hydrophilicity to the PES surface, enhancing wetting and accessibility. Sulfone groups
participate in weak coordination, but, more importantly, they facilitate the immobilisation
of metal-binding functional groups on the membrane surface. The spectra of PAMAMA
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in Figure 7 exhibit O-H at 3446 cm ™!, N-H stretch at 2990 cm~!, C-H at 2910 cm~?, C-
N at 1290 ecm~!, N-H at 1670 cm™!, and C=C at 954 cm~1. The presence of Amide I
(C=0) at approximately 1650 cm~! and Amide II (N-H bend) at around 1423 cm™~! val-
idates the amide-rich dendrimer backbone, which is essential for chelation and branch-
ing. The broad stretches of N-H and O-H are indicative of significant hydrogen bonding
present in dendrimers. In the spectra of PAMAM nanocomposites, N-H bands were iden-
tified at 3362 cm ! and the amide I band at 1648 cm ™!, as reported in [42]. Additionally,
Ban et al. [43] observed similar peaks for N-H at 3371 em~!, C=0at 1650 cm !, and C-N at
1288 cm ! in their report. The presence of primary/secondary amines and amide groups
facilitates a high density of terminal amines and interior amide groups that can chelate
metal ions like mercury. This configuration provides multiple binding sites for multivalent
cage-like complexation, effectively trapping Hg?*. The C-N group enhances additional
binding by stabilising complexed cations via electron-rich nitrogen donors. Consequently,
the findings indicate that the synthesised polymers exhibit distinct peaks characteristic of
their composition.

4. Theoretical Studies of the Prepared Polymers

This section examines the DFT studies of the polymers, with results compared to
experimental findings. The interaction of optimised polymer molecules with mercury is
examined to predict their potential adsorption mechanism and their application in environ-
mental remediation. The investigation utilises the LANL2DZ and B3LYP methodologies,
along with a 6-311G(d,p) basis set. This study provides a detailed analysis of vibrational
frequencies, electrostatic potentials (ESPs), and contour plots. The frontier molecular orbital
theory indicates that the interactions between the HOMO and LUMO of the interacting
species play a crucial role in determining chemical reactivity [31]. For example, according
to the Koopman theorem [32,44], one can estimate the negative value of the HOMO energy
level as the ionisation potential (IP). Additionally, a range of quantum-chemical parame-
ters was computed to deepen our understanding of the intermolecular interactions in the
optimised molecules, particularly those associated with the complex formed between the
polymers and mercury atoms. Figure 8 illustrates the optimised structures of the molecules
employed in this study.

Figure 8. Optimised structure of (a) PANI, (b) PES and (c) PAMAM.
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4.1. Molecular Vibrational Frequency

Figure 9 illustrates the simulated theoretical vibrational frequencies, emphasising the
functional groups present in the simulated materials: PANI, PES, and PAMAM. The notable
infrared (IR) frequencies observed in PANI feature a peak at 3156 cm ™!, signifying an N-H
stretching vibration linked to the existence of an amino group. The observed peaks at
1644 and 1564 cm ! are indicative of the stretching deformation associated with the quinone
and benzene rings, respectively. The absorption bands observed at 1344 and 1304 cm ™!
are attributed to C-N and quinoidal C=N bonds, respectively. The peaks noted at 1151 and
838 cm ! reflect the in-plane and out-of-plane bending vibrations linked to the polyaniline

benzene ring, respectively.
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Figure 9. Theoretical vibrational spectra of simulated molecules, PANI, PES and PAMAM.

The vibrational frequencies computed by DFT for the PANI tetramer reproduce these
features with high fidelity: N-H stretch at 3156 cm ™! (experiment: 2923 cm~!; A =233 cm ™!,
7.4%), C=N quinoid at 1304 cm ! (experiment: 1289 em™ 1 A=15em™1, 1.2%), C=C benzenoid
at 1564 cm ™! (experiment: 1490 ecm ;A =74 cm™1, 5.0%), C-N at 1344 cm ! (experiment:
1315 ecm™ 1 A =29 em ™!, 2.2%) and in-plane C-H at 1151 cm ™! (experiment: 1121 cm™};
A =30 cm™1, 2.7%). This persistent overestimation of the N-H stretch frequency (7.4%) is a
known artefact of DFT calculations in the gas phase, where the absence of intermolecular hy-
drogen bonding and solvent effects results in an artificial stiffening of the N-H stretching force
constants. Using a standard scaling factor of 0.961 (recommended for B3LYP/6-311G(d,p))
reduces this difference to ~1.3%. FTIR-identified functional groups provide predictions in
coordination chemistry, especially for N-H and C=N groups, which are the main HOMO-
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density sites that interact with metal ions, contributing lone electron pairs. The characteristic
red-shifts in the quinoid C=N band (~200 em~ 1) and C-N stretching vibrations are observed
in PANI after Hg?* adsorption, which are attributed to the redistribution of electron density.
The extent of these red-shifts agrees with N—Hg?* coordination strengths, as shown by the
calculated bidentate binding energies of PAN1Hg (0.063 eV, 6.04 k] mol~!) and PAN3Hg
(0.065 eV, 6.30 k] /mol) The FTIR evidence for N-centred coordination is consistent with DFT
predictions that mercury forms bidentate complexes that alter electron density and result in
frequency shifts upon adsorption.

Consequently, the computational results exhibited spectral patterns that are in close
agreement with those documented in the literature [45]. The vibrational frequencies of PES
depicted in Figure 9 exhibit notable peaks attributed to the aromatic bands at 1638 and 1504
cm ™!, which are characteristic of the benzene ring and C-C bond stretching, respectively, in
addition to the aromatic ether band located around 1264 cm~!.

The DFT calculations of the PES dimer reproduce the aromatic stretches at 1638 cm !
(benzene ring, experimental value: 1583 cm~1; difference = 55 cm™!, 3.5%) and 1504 cm ™!
(C-C bond, experimental value: 1490 cm~1; difference = 14 cm ™!, 0.9%) and the aromatic
ether band at 1264 cm~! (experimental value: 1228 cm™~!; difference = 36 cm !, 2.9%). The
ESP map shows that the main negative-potential (electron-rich) area of the PES molecule
is located on the sulfone oxygen atoms and the aryl-ether bridge—these are exactly the
functional groups detected experimentally by FTIR at 1188-1362 cm ! and 1228 cm~!. The
5=0 moiety withdraws electron density from the aromatic ring, but still has a significant
lone-pair density on the oxygen atoms. This feature places the sulfone O atoms as the PES
counterpart to the N atoms in PANI, and they operate as the major coordination donors for
Hg?*. Therefore, the bidentate PES1Hg coordination mode (DFT: binding at the electron-
rich location of the molecule, involving the aryl-ether and sulfone moieties) is in tandem
with the functional groups detected by FTIR. In analogous experiments, post-adsorption
FTIR of PES-based materials consistently shows broadening and red-shifting of the 5=O
asymmetric stretching band as diagnostic evidence for S=O- - - Hg?* coordination.

The vibrational frequencies of PAMAM include O-H at 3409 cm~1, N-H at 3256 cm ™1,
and C-H at 3063 cm~!. The detection of Amide I (C=0) near 1604 cm~! and Amide I (N-H
bend) close to 1443 cm ™! confirms the presence of an amide-rich dendrimer backbone,
which is crucial for chelation and branching. The peaks that are left are attributed to C-N at
1237 cm~! and C=C at 1098 cm~!. Table 1 compares peak frequencies obtained from exper-
imental and theoretical simulations. The prominent peaks observed in the experimental
findings for individual polymers closely match those in our theoretical studies.

The agreement between experimental and computational results for the amide bands
(Amide I and II, with deviation less than 3%) is very relevant, as the amide C=O and N-H
groups are the main binding sites for Hg?* in PAMAM-based adsorbents. The ESP map of
PAMAM shows a large negative potential region around the C=O moiety, indicating that it
is the principal site of electrophilic attack by Hg?*. The positive charge, however, is confined
to the -NH, terminal groups. Studies on PAMAM-Hg?* adsorption consistently indicate
that the primary binding sites for Hg?* are the functional groups -NH,, C(=O)NH, C-N,
O-H, C=0 and C-N. This is confirmed by post-adsorption FTIR measurement, revealing
typical changes at the Amide I and N-H locations. The functional groups identified as
binding locations in these experimental tests match exactly, functional group by functional
group, the sites indicated by the DFT ESP map and the HOMO localisation of the PAMAM
model. Thus, the computational findings exhibited spectral patterns that closely matched
the experimental outcomes and those documented in the literature [45].
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Table 1. Comparison of experimental and theoretical vibrational frequency assignment.
Frequencies of Prepared Polymers (cm—1)
PANI PES PAMAM
Exp Cal Exp Cal Exp Cal
N-H stretching 2923 3156 - - 2990 3256
out-of-plane C-H bending 613 838 - - - -
in-plane C-H bending 1121 1151 - - - -
C-N and quinoidal C=N bonds 1315, 1570 1344, 1304 - - 1290 1237
C-C bond stretching - - 1511 1504 - -
stretching modes of C=C 1490 1445 552 954 1098
aromatic C-H stretch 2843 2898 - - 2910 3063
Cc=0 1680 - -
sulfonyl (O=5=0) groups - - 1188, 11 ;3632 ,and 1256 - -
aromatic ether (C-O-C) - - 1228 1189 1264
O-H - - - - 3446 3409
Amide I (C=0) and Amide II (N-H bend) - - - - 1650 and 1423 1604 and 1443

4.2. Orbital and Quantum-Mechanical Analysis

Figure 10 illustrates the unique localisation of the molecular orbitals (MOs), specifically
the HOMO and LUMO, in PANI, PES, and PAMAM. The HOMO and LUMO of PANI
are located around the sp? carbon that forms the aromatic rings, as well as around the
delocalised m-electron present within the aromatic rings of the molecules, respectively. The
highest occupied molecular orbital of the PES molecule is predominantly concentrated
around the two aromatic rings that intersect the C-O-C bridge, whereas the lowest unoc-
cupied molecular orbital is situated more towards the aryl-sulfonate ring. The HOMO
of PAMAM is localised primarily around one arm of the dendrimer and partially around
the carbon—carbon bond of the amine backbone. Notably, the LUMO is situated around
two arms of the dendrimer, extending through the amine backbone to another arm of
the dendrimer. The electronic localisations observed in the polymers under investigation
indicate that the molecules can engage in electrochemical interactions with other molecules.

HOMO LUMO

.‘Q‘ | a :
*% " 2o,

Figure 10. Frontier molecular orbital, HOMO-LUMO: (a,b) PANI, (c,d) PES, and (e,f) PAMAM,
respectively.
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The relative energies of the molecular orbitals are essential for comprehending a
molecule’s chemical behaviour. The HOMO-LUMO gap plays a crucial role in funda-
mental properties, including stability, reactivity, electronic properties, and electrochemical
reactions. Wider gaps lead to decreased polarisability, which in turn diminishes chemi-
cal reactivity and enhances stability. Furthermore, these properties assist in forecasting
the reactions of the polymers with other molecules they may encounter [46]. The perti-
nent parameters for PANI, PES, and PAMAM have been calculated and are displayed
in Table 2. The calculated HOMO and LUMO energies for the three polymers exhibit
significant variations (Table 2). The Eg values are organised in descending order as fol-
lows: PES > PANI > PAMAM. Consequently, the PAMAM polymer exhibits a superior
electron-donating capability (indicated by a lower ionisation energy) and a greater propen-
sity to acquire an electron (reflected in a higher electron affinity) compared to the other
polymers. Notably, among the polymers analysed, PAMAM exhibits the smallest frontier
orbital energy gap, indicating reduced chemical stability and, conversely, increased chem-
ical reactivity, as well as the highest polarisability. A narrower Eg,p indicates a system
that is more electronically rigid, and such rigid systems tend to be smaller and exhibit
lower polarisability compared to their softer counterparts [47]. Additionally, a larger E
implies a higher-energy UV-Vis absorption onset, i.e., a less polarisable and more rigid
material. In contrast, a smaller Egap causes a red shift in absorbance and a higher chem-
ical reactivity towards metal ions. This is readily shown in the UV-Vis spectra, where
PES shows absorption at 377.95 nm (lowest wavelength, broadest gap, hardest), PANI at
~600 nm (middle), and PAMAM at 530.33 nm (low-energy transition, in agreement with
the narrowest gap). The UV-Vis absorption energies provide an experimental proxy for the
DFT-derived HOMO-LUMO gaps, and the agreement in ordering suggests the electronic
structure derived from DFT.

Table 2. Calculated quantum-chemical reactivity parameters.

Parameters (eV) PANI PES PAMAM
Exomo (exn) —0.1807 —0.2555 —0.2231
Erumo (er) —0.0111 —0.0614 —0.0953

Energy gap (¢gap) 0.1696 0.1941 0.1278
Ionisation energy (I.E) 0.1807 0.2555 0.2231
Electron affinity (E.A) 0.0111 0.0614 0.0953
Hardness (n) 0.0848 0.0971 0.0639

Softness (eV~1) 11.7950 10.2987 15.6495

Electronegativity (x) 0.0960 0.1585 0.1592
Chemical potential (y) —0.0960 —0.1585 —0.1592
Electrophilicity (w) 0.0540 0.1294 0.1983
Nucleophilicity (e), eV~! 18.5190 7.7279 5.0429
Back donation (AEpq) —0.0210 —0.0243 —0.0159
Electron transfer (ANx) 1.1320 1.6323 2.4914
Fermi level (Er) —0.0960 —0.1585 —0.1592
Work function () 0.0960 0.1585 0.1592

The global reactivity characteristics, such as chemical potential, chemical hardness,
global softness, electrophilicity index and maximal charge transfer, are directly obtained
from the HOMO and LUMO energies estimated by DFT. While these are gas-phase values
and cannot replace actual adsorption data, they do have a unique, experimentally testable
physical meaning when combined with spectroscopic evidence and coordination chemistry.

Based on the Pearson Hard and Soft Acids and Bases (HSAB) theory, the chemical
hardness (17) is an important parameter in the adsorption selectivity. For example, Hg?" is
shown to be a soft Lewis acid with a hardness of ~7.7 eV and, hence, tends to combine with
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soft Lewis base donors with low hardness and high softness (S). Of the three polymers,
PAMAM exhibits the maximum softness (lowest 77), making it the most thermodynami-
cally suitable donor for soft Hg?* according to the highest single-mercury binding energy
(PAM1Hg: —85.68 eV). This HSAB-based prediction agrees with experimental research
showing that amine-rich PAMAM dendrimers can remove >90% of Hg?* in competitive
multi-ion environments. The electrophilicity index w is a measure of the polymer’s electron-
accepting ability; a higher w value indicates greater resistance to electron donation and,
consequently, a weaker adsorbent character for cationic metal ions. This is consistent with
PAMAM being a better electron donor to Hg?* than PES, which has stronger electron-
withdrawing sulfone groups and is more electrophilic. The determined AN,y value of
2.49 for the PAMAM indicates a significantly charged condition. This value exceeds the
1.96 reported by Duraikannu [48]. The analysis indicates that increased molecu-
lar softness and reduced energy gap correlate with elevated dielectric constants and
electrical conductivity.

4.3. Electrostatic Potential (ESP) and Contour Mapping of Optimised Molecules

The arrangement of charge across the atoms in a complex affects the electrostatic
potential, which plays a vital role in intermolecular interactions [49]. The ESP predicts the
reactivity of a molecule or complex, indicating that regions of negative potential serve as
sites for protonation and electrophilic attack, whereas areas of positive potential denote
nucleophilic sites [50]. Figure 11a,c,e illustrates the ESP mappings for PANI, PES, and
PAMAM materials, respectively. The colour scale (Figure 11) depicts positive values
(far right, blue) and negative values (far left, red). The red colour code (negative value)
signifies the lowest electrostatic potential, which is associated with loosely bound or excess
electrons, making them susceptible to electrophilic attack. The blue colour indicates the
peak electrostatic potential, highlighting an electron-deficient site that renders it vulnerable
to nucleophilic attack.
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Figure 11. (a) ESP mappings of PANI, (b) contour mapping of PANI, (c) ESP mappings of PES,
(d) contour mapping of PES, (e) ESP mapping of PAMAM and (f) ESP and contour mapping of PAMAM.
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The PANI molecule exhibits a strong electronic distribution throughout its structure.
The nucleophilic site is clearly localised mainly on the terminal NH; and near the bridge
area. The electrophilic region is evenly distributed across the molecules. This indicates a
robust ability for charge transfer within the molecule and a propensity to release an electron,
facilitating potential electronic interactions with mercury or any nearby molecules. The
ESP map of PANI illustrates negative potential localised at the terminal -NH; groups and
N atoms bridging the benzenoid and quinoid rings, corresponding to active sites identified
by FTIR (C=N at 1289 cm~!, N-H at 2923 cm ™). Upon Hg?* adsorption, these sites show
red shifts, indicating electron density redistribution away from N-H and C=N bonds, thus
confirming the binding of Hg?* at these N-donor atoms. The positive potential observed
on the aromatic ring indicates m-acidic regions, which facilitate the reduction in Hg?* to
Hg* /Hg" on PANI surfaces due to the quinoid /benzenoid equilibrium.

The MEP map of PES reveals a significant build-up of positive charge on both aryl
rings, suggesting a strong tendency towards nucleophilic attack, whereas the electrophilic
site is focused on the sulfone moiety of the polymer. It appears that there is a significant
probability of electrophilic attack at these locations, facilitating metal-ion binding, which
is crucial for efficient mercury remediation. In PES, the ESP map shows strong positive
charge on aryl rings and concentrated negative charge at the sulfone S=O moiety, aligning
with FTIR showing O=S=0 asymmetric stretching (1188-1362 cm~!). Hg?" binds to the
electron-rich aryl-ether site via bidentate coordination (PES1Hg), targeting the highest
electron-density region, while the tridentate PES3Hg complex includes sulfone oxygen,
indicated by FTIR at 1188 cm ™! as a secondary coordination site.

It is noteworthy that the distribution of negative charge, indicative of nucleophilic
sites, is concentrated in multiple regions, primarily around the C=O moiety on the PAMAM
polymer. The NH, group is primarily responsible for the positive charge, serving as the
electrophilic site. The comprehensive electronic distribution surrounding the molecule
indicates a significantly enhanced affinity for binding with metal ions. This indicates a more
effective elimination of mercury from wastewater. The MEP maps highlight the polymers’
strong potential for mercury remediation, characterised by their significant attraction and
binding affinity for metal ions. The PAMAM ESP map reveals an extensive negative poten-
tial around the C=O moiety of amide groups and through the amine backbone, reflecting
the dendrimer’s multi-site nature. It predicts that Hg?* will be encaged by cooperative N-H
and C=0 donors, supporting a multidentate chelation mechanism, as confirmed by studies
showing over 90% Hg?* removal via a cage-like complex. Coordination transitions from
monodentate PAM1Hg at low concentrations to tridentate PAM3Hg at higher loadings,
reflected in FTIR band shifting as Hg?* concentrations increase on PAMAM adsorbents.

The charge distribution observed in the analysed polymers is supported by the contour
maps related to each polymer, as illustrated in Figure 11b,d,f. This anticipated interac-
tion is projected to facilitate efficient mercury removal, thus improving environmental
remediation efforts.

4.4. Polymer—Mercury Interaction Studies
4.4.1. Optimised Molecules and Molecular Interaction

The interaction of optimised polymer molecules with mercury molecules can predict
their potential adsorption characteristics and mechanisms for wastewater remediation
applications. The analysis utilises the LANL2DZ and B3LYP methodologies, along with a
6-311G(d,p) basis set. The binding energy and the interaction plots of frontier molecular
orbitals are elaborated upon in this section and the subsequent subsection, respectively.
Figure 12 presents the optimised complexes that are formed between the polymers and
mercury atom(s). The polymers (PANI, PES, and PAMAM) exhibit potential coordination
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and binding sites characterised by high electron density, enabling them to bind positively
charged ions and form complexes, as detailed in Section 4.3. In the instance of PAN1Hg,
the mercury creates a bidentate complex with PANI, utilising both electron-rich aryl rings.
The PANI binds with Hg ions using the C and H atoms, thus exhibiting a robust interaction
between the two molecules. In a similar manner, bidentate complexation is observed in
the PANI3Hg complex, which surrounds one aryl ring. Furthermore, two additional Hg
ions were coordinated to the other aryl ring, resulting in the formation of monodentate
complexes. PES1Hg demonstrated the establishment of a bidentate coordination at the
electron-rich site of the molecule. PES3Hg exhibits tridentate complexation on one of the
aromatic rings. In addition, each residual mercury ion is attached to the aromatic sulfone
site of the molecule. PES interacts with Hg ions using its O, aromatic C and H skeleton.
PAM1Hg exhibits a monodentate coordination with the C and N atoms, whereas PAM3Hg
demonstrates a comparable coordination along with an additional tridentate coordination
sphere. The coordination pattern observed across the different polymers indicates that Hg
ions preferentially bind to the electron-rich site of the molecules, forming stable complexes.
The coordination capability of the Hg ions with the polymers indicates that there is a close
proximity between the ions and the polymers. Therefore, it can be anticipated that when
the polymers function as adsorbents and are in close proximity to metallic contaminants in
wastewater, Hg ions will be successfully adsorbed. Therefore, this interaction is expected
to occur during the remediation of mercury in wastewater utilising polymers as adsorbent
agents. The extent of coordination can vary with differences in the electronic and structural
characteristics of the polymers. This will be clarified in the following section.
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Figure 12. Cont.
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Figure 12. Optimised complex molecules of (a) PAN1Hg, (b) PAN3Hg, (c) PES1Hg, (d) PES3Hg,
(e) PAM1Hg and (f) PAM3Hg.

4.4.2. Binding Energies of Molecules After Interaction with Hg Atomy(s)

The optimised structures of the PAN1Hg, PAN3Hg, PES1Hg, PES3Hg, PAM1Hg, and
PAM3Hg complexes, along with their binding energies, are detailed in Table 3 to facilitate
the analysis of molecular interactions. The binding energies (Ep r) act as measures of the
binding affinity between the polymer and mercury ions. A comparative analysis of binding
energies for various complexes (single- and multi-mercury) was performed to identify
which material shows greater potential for remediating mercury ions, thus reducing the
concentration of dissolved mercuric contaminants in industrial effluents.

Table 3. Estimated binding energies of predicted complex molecules.

Complexes PAN1Hg PAN3Hg PES1Hg PES3Hg PAM1Hg PAM3Hg
Epg (eV) 0.063 0.065 0.027 0.136 0.242 0.253
Ep g (kJ/mol) 6.04 6.30 2.63 13.13 23.37 24.42

Er (eV) —0.09565 —0.1008 —0.16045 —0.1453 —0.15055 —0.15055
Eg (eV) 0.1557 0.1452 0.1813 0.1564 0.1419 0.1367

PAMAM shows the maximum binding at low and high Hg?* loading (PAM1Hg =
0.242 eV; PAM3Hg = 0.253 eV). The observed binding energy is consistent with the high
density of nitrogen donors in PAMAM and its well-established role in the literature as a
strong Hg?* chelator via cooperative amine/amide coordination. The same magnitudes of
PAM1Hg and PAM3Hg (AE = 0.011 eV) mean that the additional Hg?* ions are hosted with
a small additional stabilisation, consistent with a saturation-type binding behaviour at the
multivalent arms of the dendrimer rather than a cooperative enhancement. For PANI, there
is a little binding energy increase from single to triple Hg?* loading (PAN1Hg = 0.063 eV to
PAN3Hg = 0.065 eV) which shows that the aromatic backbone has little ability to stabilise
multiple Hg?* centres compared to PAMAM. The loading-dependent response exhibits a
particularly prominent relative increase in PES for a five-fold increase in PES1Hg (0.027 V)
to PES3Hg (0.136 eV). This may indicate a cooperative or synergic contribution from the
sulfone donor sites after the tridentate coordination is established through the aromatic
ring system.

The measured energies (2.6-24.4 kJ mol 1) are consistent with weak to moderate
non-covalent interactions (e.g., strong hydrogen bonds or weak dative coordination) and
do not suggest strong covalent Hg-N/Hg-O bond formation. This is important because it
implies that the Hg?" interaction is chemisorptive (as seen from the DOS hybridisation) but
thermodynamically moderate rather than extremely strong. This is good for the adsorbent
regeneration, as moderate binding strength allows easier desorption in acid-wash recovery
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cycles than very high-energy irreversible binding. Therefore, it can be predicted that PES
and PAMAM will successfully remove Hg from wastewater. A combination of two or three
polymers will yield greater effectiveness in mercury remediation [51].

Concentration-dependent DFT studies of the binding energies for the adsorption of
mercury (Hg?*) show a consistent trend, with PAMAM found as the strongest binder
in both single- and multi-ion loading. The most favourable interaction at single-Hg?*
loading is found for PAM1Hg (0.242 eV, 23.37 k] mol 1), followed by PAN1Hg (0.063 eV,
6.04 k] mol~!) and PES1Hg (0.027 eV, 2.63 k] mol~1). In the case of ’fhree—Hg2+ loading,
PAMAM shows the maximum binding affinity with PAM3Hg (0.253 eV, 24.42 k] /mol),
followed by PES3Hg (0.136 eV, 13.13 k] /mol) and PAN3Hg (0.065 eV, 6.30 k] /mol). The
measured data indicate that PAMAM has consistently shown a strong binding affinity,
independent of Hg?* loading, whereas PES shows the largest proportional increase in
binding strength from single- to triple-ion coordination.

PAMAM exhibits good efficiency at low Hg?* concentrations relevant to South African
regulatory limits (<0.006 mg L~! and <0.002 mg L~!) through multidentate chelation, in
agreement with the high single-ion binding affinity of PAM1Hg. For industrial wastewater
treatment, PAMAM exhibits the highest overall binding affinity for Hg?* among the three
polymers, as evidenced by PAM3Hg at higher Hg?* concentrations. This is achieved
through the cooperative participation of terminal amine and interior amide donor sites in a
multivalent, cage-like coordination sphere. PES shows an astonishingly strong secondary
function at high loading with binding affinity by far increased from PES1Hg to PES3Hg.
This suggests that Hg?* concentration promotes the involvement of sulfone-rich domains.
By comparison, PANI shows a lower energy gain for PAN1Hg vs PAN3Hg, indicating that
although it is chemisorptively active through its aromatic backbone, it provides a smaller
thermodynamic driving force for multi-ion capture than PAMAM and PES.

These results suggest that PAMAM is the most universally effective adsorbent for the
concentration range studied and is appropriate for both polishing-stage treatment at trace
levels close to regulatory discharge limits and higher-concentration industrial applications
where the multidentate chelation chemistry of PAMAM dominates. The proportional
increase in PES contribution at high Hg?* levels suggests a secondary role for PES in
the nanocomposite, enhancing the sulfone matrix’s ability to stabilise additional binding
sites as the ion concentration increases. On the other hand, the redox-active conjugated
backbone of PANI largely offers electronic delocalisation and structural conductivity to the
hybrid system, instead of being the main thermodynamic driving factor for adsorption.
The analysis of the binding energy with respect to concentration provides a systematic and
elegant way to experimental design. This highlights the need for coupling computational
and experimental techniques for the adsorption study and suggests a nanocomposite
approach. In this method, the structural properties of PES and the electrical properties of
PANI enhance PAMAM'’s chelation capacity.

4.4.3. Density of States (DOS) of Polymer-Hg?* Ion Interaction

The DOS profiles shown in Figure 13 indicate three substantial electronic effects of
Hg2+ interaction with individual polymers, viz. changes in the Fermi level (Er), narrowing
of the energy gaps (E,), and orbital hybridisation. The reference Er values before Hg?* coor-
dination for polyaniline (PANI), polyethersulfone (PES) and poly(amidoamine) (PAMAM)
are —0.096 eV, —0.1585 eV, and +0.1592 eV, respectively, and all of them suffer considerable
alterations upon complex formation. Importantly, the positive Er of PAMAM indicates
the electron-rich and nitrogen-rich nature of PAMAM and is supported by the shortest
computed HOMO-LUMO gap (E¢: PES > PANI > PAMAM) and the largest ANy (2.49).
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PAMAM demonstrates a considerable Er change to —0.15055 eV (AIEF = —0.310 eV)
upon coordination with Hg?*, which is much bigger than that for PANI and PES. This
downshift is a quantitative manifestation of the redistribution of electron density from the
nitrogen donors of PAMAM to the unoccupied 6s/6p orbitals of Hg?*, analogous to p-type
doping. This is also supported by FTIR analysis. FTIR analysis shows the N-H and Amide
I groups, which are important lone-pair donors which allow for significant charge transfer.
The same Er for PAMAM1Hg and PAMAMB3Hg suggests saturation behaviour. The first
Hg?* ion balances the Fermi level, while subsequent ions are incorporated via multi-arm
tridentate chelation without altering net charge transfer, as indicated by a plateau in the
adsorption isotherm.
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Figure 13. DOS plot of (a) PANI, (b) PANI1Hg, (c) PANI3Hg, (d) PES, (e)PES1Hg, (f) PES3Hg,
(g) PAMAM, (h) PAMAM1Hg and (i) PAMAM3Hg.

Contrarily, PES exhibits a sign reversal in Ef shift, where PES1Hg exhibits a downshift
(—0.00195 eV), and PES3Hg exhibits an upshift (+0.0132 eV), implying a complex mech-
anism where electron withdrawal at the aryl-ether site switches to partial back-donation
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affected by the sulfone group at higher Hg?* concentrations. DOS clarifies that this feature
cannot be found through extensive HOMO-LUMO gap investigations.

All six polymer-Hg?* complexes exhibit a decrease in E; relative to their isolated coun-
terparts. This phenomenon can be predicted from quantum mechanics: the coordination
stabilises the LUMO of the complex, which has contributions from Hg 6s/6p orbitals, while
the HOMO retains its polymeric N/O lone-pair character, lowering the energy gap. This
reduction implies some experimentally observable consequences: (i) bathochromic shift in
UV-Vis spectra of the adsorbed complexes, and (ii) increase in the electrical conductivity of
the PANI upon Hg?* loading, increasing the density of states (DOS) at Er. This conclusion
can be experimentally verified by four-probe conductivity measurements.

The complex density of states results in the emergence of new hybrid states not present
in the isolated components. This discovery validates the chemisorptive nature of polymer—
Hg?* binding, involving genuine dative N — Hg?* and O — Hg?" orbital overlap, rather
than just electrostatic attractions. In the FTIR results, the distinctive bands corresponding
to the principal coordination sites undergo red shifts upon binding Hg?*, consistent with
the formation of dative bonds and indicative of reduced bond order. In conclusion, the
DOS data provide an orbitally resolved approach to relate macroscopic characterisations
(as detailed by FTIR, UV-Vis and SEM/EDX) to DFT-calculated binding energy hierarchies,
validating the suitability of PAMAM for trace Hg?* removal and PANI’s efficiency in
high-concentration situations.

5. Conclusions

By integrating density functional theory calculations with practical characterisation,
this study explores the use of conductive polymers—polyaniline (PANI), polyethersul-
fone (PES), and polyamidoamine (PAMAM)—as adsorbents for mercury remediation in
contaminated water. These polymers exhibit advantageous morphologies and functional
groups for mercury adsorption, including porous surfaces and aromatic frameworks, as
determined by structural analysis. By donating electrons, active groups such as amines
and sulfones enhance the interaction between mercury ions, as indicated by spectroscopic
investigations. According to computational modelling, PAMAM shows a strong affinity for
mercury due to its small HOMO-LUMO gap, leading to high electrical reactivity. PANI
is excellent at multiple ion contacts, whereas PAMAM can form stable complexes with
mercury, as indicated by binding energy studies. Stability is increased by nitrogen and
oxygen, which are rich in electrons and primarily aid in mercury binding. The results
indicate that conductive polymers efficiently adsorb mercury via structural and electrical
interactions, which can guide the development of sophisticated adsorbents and filtration
membranes for water purification. Furthermore, in this study we have systematically iden-
tified the practical drawbacks of prepared materials for mercury removal and proposed
feasible improvement strategies. For example, PANI is prone to oxidative degradation
and low porosity. Hence, we suggest strategies such as modification of the composites
with sulphur-rich or amine ligands and physicochemical optimisation of the processes to
increase porosity and hydrophilicity. It is hoped that these strategies bridge the theoretical
understanding and engineering applications, paving the way for future studies towards
scalable, regenerable and high-performance polymer adsorbents for mercury remediation.
In the end, this research supports the development of sustainable technologies for treating
contaminated water by highlighting the potential of hybrid systems combining various
polymers to enhance remediation efficiency.
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