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ABSTRACT RESULTS DISCUSSION
The pollution caused by toxic heavy metals poses growing environmental risks to ecosystems and EDD Analys1s NCI Analys1s Illustration of the NCI and RDG graphs for heavy-metal- » B2Ss nanosheets show favourable physisorption to moderate chemisorption.
human health. Heavy metal removal from wastewater and contaminated water systems involves a e [ adsorbed mono/bilayer h-B2S; nanosheets for As, Cd, Ni, Heg, » Analyses included adsorption site identification, electronic structure, charge density, and
range of sophisticated treatment technologies, many of which are associated with high operational e < W Cr, Pb, and Zn. The NCI isosurfaces are colour-coded: blue for Bader charge evaluation.
costs and significant energy demands. Among these approaches, adsorption-based metal separation @ “@ : m!ow‘*ﬁf“()“‘(“ strong attractive interactions, green for weak van der » QTAIM confirms diverse bonding, with sulfur-rich sites driving strong reactivity.
using two-dimensional (2D) nanomaterials has emerged as one of the most efficient and promising gt Gge m Waals/electrostatic interactions, and red for steric repulsion. » The soft base nature of Sulfur favors interactions with soft acid-type heavy metals.
techniques, owing to their exceptionally high surface area, abundant active sites, tunable surface . 7Y The bilayer shows more evenly spaced NCI isosurfaces around » B»S3 combines high adsorption affinity, chemical stability, and abundant active sites.
chemistry, and superior adsorption capacity. Therefore, the development of reliable, cost-effective, ; v M the metal centres than the monolayer, suggesting less surface » Outperforms materials like doped graphene, MOFs, and sulfur-decorated surfaces.
and sustainable nanomaterials 1s essential. In this work, we present a first-principles approach to : i ‘oot || * distortion and steric hindrance and demonstrating that the » Demonstrates strong potential for water purification and future real-world remediation.
investigate the adsorption performance of h-B,S; nanosheets toward different heavy metals (As, Hg, N bilayer B.Ss nanosheet provides a more favourable adsorption CONCLUSION
N1, Cd, Cr, Pb, and Zn). The calculated adsorption energies for the monolayer and bilayer systems are: ﬂ environment for heavy metal capture. In conclusion, this study investigates the adsorption behaviour of heavy metals (As, Hg, Ni
As (—0.261 eV and —0.284 ¢V), Hg (—0.262 eV and —0.280 e¢V), Ni (—5.882 ¢V and —6.333 e¢V), Cd : : ‘ , TS ST
(—0.280 eV and —0.301 eV), Cr (—5.145 eV and —7.016 e¢V), Pb (—1.990 eV and —2.140 ¢V), and Zn [llustrating EDD plots between adsorbed heavy metals and h- Cd’t Cr,thi | and Zr%) (Zlntl? _stﬁ nanoshee}:fs. BOH} rrltonqlayerl agd bllta.lyetr. syiterrlls Y(‘;Ziz
systematically examined through a comprehensive first-principles investigation to eluci

(—0.274 eV and —0.287 e€V), respectively. These results indicate comparatively stronger adsorption for Ty
N1, Cr, and Pb, whereas the remaining species exhibit relatively weak adsorption interactions with ‘
both systems. Atoms-in-molecules (AIM) analysis reveals that Ni, Cr, and Pb exhibit partially
covalent interactions with the adsorbent surface, whereas Zn, Cd, and Hg predominantly display W

B,S; mono/bilayer nanosheet: top view and side view clearly

showing the electron density difference between Heavy metals how structural configuration influences adsorption performance. The h-B2Ss nanosheet

and the h-B,S,. The electron density depletion is represented exhibited a wide range of interaction strengths, from physisorption to strong chemisorption,
by blue and 2ac3c.umulation by red isosurfaces, with an isovalue and broad-spectrum adsorption capability. Among these heavy metals, Zn, Cd, Hg, and As
of 0.0004 /A3 ’ exhibit weaker physisorption interactions, whereas Ni, Cr, and Pb show stronger
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closed-shell, noncovalent interactions. In contrast, As demonstrates a mixed electrostatic-covalent N A . 1 hiohl . h 4 orbital 1 1 Qulf bital q
interaction character. This interaction trend remains consistent within the bilayer system, suggesting ; DT ;:’(*\)\T i? [ PDOS Analysis ] adsorption, Wlth 1gnly nefgatIV;.Eadsa 651. anced or 1tal over aﬁ’ VIZII Sulfur p-or lltla S, an
enhanced binding strength and improved structural stability. The superior adsorption performance of ! AR ,ﬁ._.é..ai ‘ ' | S b) ]%reater Bader ¢ arge.trans erc.l T lsh trend 18 Cotr}Slst.ent across ; . eh 11 ayer dsylstem, ZV ere .Eads
the h-B,S; sulfur-rich sites can be attributed to the soft-base nature of Sulfur, which promotes LT e —ser —sw A e — sey e ccome more negative, Ba er charge (ransier mcreg,sle,s S5 dt Yo and ayerd 118 tortions
favourable interactions with soft-acid heavy metal species. Furthermore, the h-B,S; nanosheet offers a B dec1.*ease, mdl}f,a tllﬁg hst.ron.ger 1nteraclt10ri, greate;' Sta 111ty, lacil a? opt1mlse Z;c?romc
high density of accessible active sites, thereby facilitating efficient adsorption. Overall, these findings d : ot B 3 3 { KM L A W&\ M 4 env1r0nmehnt, SIS ftmg 1tls practical relevance 1or rea C{W()r °p pl ications. In a bl.tlog o
provide a robust theoretical foundation for future experimental investigations aimed at validating the A é é W‘%ﬁ 7¢¢@(§\’7¢\ x < Eads (fmd ¢ darg§1 tgans gr anhd Z'ses, IAEH;I/I’ NdCI’ P].)OS’ anh ED D an}? Y5ES Weie combined 1o
potential application of h-B,S;-based materials in heavy-metal filtration and water purification ! > * g 1 ir mr ' provide a detailed un erstan e o t, ¢ adsorption mechanism. The trigona c.entre oS
éys fems . m N three Sulfur atoms provides a sulfur-rich surface on the h-B2Ss nanosheet, playing a critical
® | oeataoe] role 1n facilitating interactions with heavy metals and acting as an active site for charge
[ B203 Nanosheet ] [ Site-view ] METHODOLOGY I S B T B transfer and adsorption. The enhanced adsorption performance and suitable electronic
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environment of h-B,S; demonstrate broad-spectrum applications for various heavy metals,

» DFT simulations were performed using the
(c) CP2K code with periodic boundary

(a) < [llustrating the PDOS of pristine monolayer (a) and bilayer (b) highlighting its potential for sustainable water treatment. This study highlights the superior
conditions (PBCs). | ) h-B-Ss nanosheets. potential of h-B,S; nanosheets for wastewater treatment and offers a strong theoretical
» DZVP b?.SIZ ;ets ﬁni GTH pseudopotentials [ Monol PDOS ] [ QTAIM Analysis ] basis for experimental groups to develop cutting-edge nanoscale filtration systems for
2R were applicd 10r all atoms. onolayer
¢ Gomg® “ghgt > Exchange—correlation was treated using the e o o o System p (a.u.) V2p (a.u.) V/G H/p heavy metal removal.
2k GGA-PBE functional with Grimme D3 I IR r e Pb@B-5: 0.0341 0.0692 -1.342 -0.109 FUTURE PERSPECTIVE
N dlspersmngorrectlon. | Iacicy o N o 7o : \ Bebst S Zn@B:Ss 0.0072 0.0151 —0.807 +0.085 This study demonstrates that B.Ss nanosheets exhibit strong potential for heavy metal remediation due
(b) A 20 1 Vac}lll urﬁq et v}vlas added As@B:S; 0.0154 0.0294 —0.984 +0.009 to their high affinity, chemical stability, and abundant active sites. Adsorption energy calculations, Bader
| - . ‘ . perp;ndwu ar to the -Bstlnan(?s e.et. . § s (d; T e e Cd@B:Ss 0.0279 0.0150 _0.804 +0.087 charge analysis, and QTAIM confirm a range of interactions from physisorption to moderate
Bonlmg gaﬂge WT' agla yse:k using AIM — =z % o rleE s =% T EE = E T CE Cr@B:S- 0.0845 0.2845 1245 0274 chemisorption, with sulfur-rich sites playing a dominant role. The enhanced reactivity 1s attributed to the
o C . J . tO}F:O 0gy via tfe Multiwin PlaC a(%e'b ; | F i . | e = TN Ho@R.S 0,007 00186 0768 1019 soft base nature of Sulfur, which favours interactions with soft acid-type heavy metals. Overall, h-B.S;
* Ch arge trelms. cr 'Vlvlas cvaluated by Bader %@% TTEE 8 ”% - Eed : g@B25s ' ' e ' outperforms several reported materials such as doped graphene, MOFs, and sulfur-decorated surfaces,
charge analysis with Critic2. Ni@B:5: 0.1202 0.2910 —1.444 —0.483 making 1t a promising platform for water purification applications.
The optimized geometry of the 4x4 supercell of B,S; exhibits a 2D Kagome lattice that belongs to P62m space group. A U SR T Loaowa s . .
. . e Adsorption Ener ] [ Bader Charge Analysi ] ACKNOWLEDGMENT
The calculated lattice parameter of the unit cell, B-S bond length, and S—-B—S bond angle are 5.46 A, 1.83 A, and ©___ o S s © —=— 3 ®__ = [ dsorptio crgy ader Charge YSIS
120°, respectively, which are in good agreement with previous studies. The above figure depicts the optimised LOE LR = L o =E | = o | = R o3 TR System Monola Bilayer System Monola Bilayer We acknowledge Higher Education Commission (HEC), Islamabad, Pakistan for their support to
configuration of the B,S; nanosheet. ol NIV R 9/ SN : By ,' . Sl yer Eads yer maintain the cluster computing facility at the International Center for Chemical and Biological Science
OBJECTIVES Eads As 0.0034 0.0044 ICCBYS), University of Karachi.
Lo : : Ly : . S : 5 = s ; 5 AS _0261 _0284 Hg _0 006 -O 006
> Investigate adsorption of heavy metals (As, Hg, Ni, Cd, Cr, Pb, Zn) on B.S; nanosheets. @ G ) Hg —0.262 —0.280 . ' ' — -
. . . e e = s o - | = Ni —5882 —6.333 Ni 0.220 0.262 Li X, Cui B, Zhao W, Xu Y, Zou D, Yang C. Novel 2D B2S3 as a metal-free photocatalyst for water splitting. Nanotechnology. 2021;32:225401.
> Explore both neutral atoms and charged 1ons to mimic real aqueous conditions. =t = A : : Cd 0.0174 0.0188 Zhang J, Zhou W, Chen C, Yang J, Guo T, Hu Y, et al. DFT Coupled with NEGF Study of N-Type MOSFET Based on 2D Planar B2S3 Semiconductor.
» Compare adsorption on monolayer vs. bilayer B-Ss. : Cd —0.280 —0.301 c 0,262 0,204 The Journal of Physical Chemistry C. 2022;126:20613-9.
. . . . . W 2 _ _ r : . : , e : . : : ) . . ..
> Understand bon dmg, charge trans fCI’, and interaction mechanisms through DFET-based analy51s. Cr 5.145 7016 Zhang Y, Wu Y, Jin C, Rer? F,-Wang B. B2S3 monolayer: a two-dimensional direct-gap semiconductor with tunable band-gap and high carrier mobility.
) o . . ) | Pb ~1.990 ~7 140 Pb 0.713 0.654 Nanotechnology. 2021;32:4757009.
> Brlng S@l@CthIty by vacancy cnginccring for SpGClﬁC targets. , E_,Ef(ev)g — 7n _0:274 —0:287 7n 0.0137 0.0145 Kiihne TD, Iannuzzi M, Del Ben M, Rybkin VV, Seewald P, Stein F, et al. CP2K: An electronic structure and molecular dynamics software package-

Quickstep: Efficient and accurate electronic structure calculations. The Journal of Chemical Physics. 2020;152.
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