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: Introduction: Removing heavy metal ions from water is a major environmental
: challenge. This study aimed to predict the adsorption free energy of these ions
: onto a carbon nanotube/graphene oxide (CNT/GO) nanocomposite.

: Methods: A hybrid methodology integrating molecular dynamics (MD)
¢ simulations with machine learning (ML) models was developed and applied. The
: free energy of adsorption (AG.ds) was calculated using umbrella sampling and
: weighted histogram analysis. Various ML models, including Random Forest,
: Kernel Ridge Regression, and Multilayer Perceptron, were developed and
: evaluated.

: Findings: The findings revealed a clear difference in the ions' thermodynamic
: affinity. Lead ions had the highest adsorption tendency, while cadmium had the
: lowest. Microscopic analysis confirmed strong chemical bonding for lead and
: copper with surface functional groups, whereas cadmium only showed weak
: physical interaction. The Random Forest model demonstrated the best predictive
: performance. Analysis of feature importance identified ionic charge as the most
: critical parameter.

: Conclusion:This research provides an effective hybrid framework for predicting
: adsorption behavior. The developed model successfully captured complex
: structure-property relationships, enabling the targeted design of selective
: adsorbents. This approach can significantly reduce the time and cost of

: developing new water purification materials.
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Extended Abstract

Introduction:

The removal of toxic heavy metal ions from aqueous
environments is a critical challenge in
environmental science. Carbon-based
nanocomposites, particularly carbon
nanotube/graphene oxide (CNT/GO) structures,
have emerged as promising adsorbents due to their
exceptional surface properties and functionalization
capabilities. However, understanding the atomic-
scale mechanisms and thermodynamics of ion
adsorption remains computationally challenging.
This study develops a hybrid molecular dynamics-
machine learning framework to quantitatively
predict adsorption behavior and identify key factors
governing ion selectivity on CNT/GO surfaces.

Findings and Discussion

In this study, a hybrid molecular dynamics (MD)
and machine learning (ML) approach was employed
to quantitatively investigate the adsorption behavior
of Pbz*, Cu?*, and Cd?* ions on a carbon
nanotube/graphene oxide (CNT/GO)
nanocomposite. The adsorption free energy
(AG<sub>ads</sub>) was precisely calculated
using the umbrella sampling technique combined
with the Weighted Histogram Analysis Method
(WHAM). The results revealed a distinct
thermodynamic affinity trend: Pb2* (-12.5 kcal/mol)
> Cu?* (-9.8 kcal/mol) > Cd?* (-8.3 kcal/mol),
indicating spontaneous adsorption for all ions with a
strong preference for lead. This trend aligns
remarkably well with both experimental adsorption
capacity data and previous theoretical DFT
calculations, validating our simulation protocol.
Radial distribution function (RDF) analysis and
spatial density profiles provided profound insights
into the molecular-scale adsorption mechanisms. To
gain deeper mechanistic insights beyond this
validation, radial distribution function (RDF)
analysis and spatial density profiles were employed.
These analyses provided profound insights into the
molecular-scale adsorption mechanisms. RDF peaks
between 2.0-2.5 A for Pb2* and Cu?* ions and
oxygen atoms of surface functional groups (-OH, -
COOH) confirmed the formation of strong,
directional coordination bonds, characteristic of
chemisorption. In contrast, the RDF for Cd?*
showed a broad, weak peak at a larger distance (~3.5
A), signifying predominantly physical, electrostatic
interactions (physisorption) with a more diffuse
hydration shell. To predict AG<sub>ads</sub>

efficiently, three machine learning models—
Random Forest (RF), Kernel Ridge Regression
(KRR), and Multilayer Perceptron (MLP)—were
developed. The Random Forest model demonstrated
superior performance, achieving an R2 of 0.92 and
an RMSE of 0.45 kcal/mol, underscoring its
capability to capture the complex, non-linear
relationships between ion characteristics and
adsorption energy. Feature importance analysis,
utilizing both Gini importance and SHAP values,
identified ionic charge as the most critical predictor,
followed by ionic radius and Lennard-Jones
parameters (¢ and o). This highlights that
adsorption is primarily governed by the strength of
electrostatic interactions and the ion's ability to
approach the surface closely, which is consistent
with the physical chemistry of ion adsorption

Conclusion

This study establishes an effective MD-ML
framework for predicting and analyzing heavy metal
adsorption on CNT/GO nanocomposites. The results
demonstrate  clear correlation between ion
characteristics and adsorption energy, with Pb2*
showing strongest affinity due to its high charge
density and coordination capability. The Random
Forest model proved particularly effective in
capturing complex structure-property relationships,
providing valuable insights for rational design of
selective adsorbents. This approach offers a
powerful tool for accelerating development of
advanced water purification materials while
reducing reliance on experimental trial-and-error
methods.
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1 Game theory: A mathematical framework for optimally
allocating payoffs among participants, which SHAP uses
to assign importance values to features.

(\) Y19€+€ .0.19: 3'50— umiog).’ ;;ol& doluad



(S R Jo 9 (J9SU90 Swelizs S 5 51 3Ll L CNT/GO (g9, 2 g i 3131 (551 (b

cuwl(AG<sub>ads</sub>) wis 331 (g5, 5

Sl 2959 gl plyisa Wil (Dol culys )
ol (2905Y pgpl wile) > slapSonl silee
cono Liws (Judoo opl 1 eselcanda gols . [YA] Lg
Pl Sl oSl S o 105 1) Seolodge s sl gimiing
O Sl oy ol Bl (gl bl sl
L)"L“" 2 .))L»L;o wm‘).B I) (S0 d‘.ﬁu‘.u.u )I Pph2* o)ascb
(7ay =YL e8> ;g b b yimgs ol ) adlbamwgML
b duglie ) e Sl S plgis @ ¢ Polaie Sluslxe Lo
3509y ol Rgdee aBlS (025 9 Slwbre slagby) plo
Silodnd Wl (g podomy by b cdy sl ks
) JBs (b 6585 Sluwslore g (s (J5S5e Solins
9 @25 sl p e sl Jie 4 Cons aSh WS e
Cal 5095 51§ pSed S il 2 A0S

w8 ol S sbaS 5B Lol sl daden
S o

JolS ol apwlone 9 (Sualdge i Jalowi-0

o

slodly 5 (Seolisdge,s (sl s yin o byl sl 4ly
sl o ge o sy (K) Gl bl col wols (029
1) Swelodgey dlayly il oedlatl b pslSt YAA 5 lubiwl
T dawle

K = exp(—AG<sub>ads</sub>/RT) )
Oie ol 6561 AG<sub>ads</sub> | > &
o R ol JoSlgo Sanltyd (it ) odbdmnlone
YA b g a8 cob.aay x 37y keal/(mol - K)
ol Jolss bl odddumlome polde .l llao (slod ((pslS
laos it GSlea K luds (P2 (g gl 4 wind oo
i 4 s Y5555 i3 Sl yel ] sl Cd2* (CUZ*
sxsoanlie Sgy b JolS sl g Lol Lyl 15 oy 592

e 3131 G551 S 53 (275 9 Flewle (S gy palw b (53l (g, 3as duylile I Jgoa

Je (Rz)ds (RMSE) kcal/molis Slwbro floj gy el 4 s abo

MD-ML s, - AY - ¥ Lwgio Jues -
oA MD ¢ jloaus Y - XD YU s s [»a]
DFT ¢l <M - Yo Yi JUES [v#]
@5 ol e ML (sl Juss “AD - ol ok [e]
ke slo e - YA VY- ol sl ok [l

g (6 c8) Por—a,l layialyl g So glads 550 )b,
(lad K Jols il (6,500 gloJss sl )55le
& Al drwg YA oy 5 Gl ) (o))
RMSE = 4 R2= 0.92 e iy b oy [Sin o
Caodl Jdog .caib 1) 5,Slas op yine Joo 0 (5 )85LS0.45
salS Jeloe plgiear 1) Pea,l gyl 9 Jo
oo o800 1 amly cpl o) olelis ls saiS s
o6 Bdos e 48 Kimd go L5 g Attt it MolS’ rdaus
Clo doghy 2 ol (MD-ML) (oS5 o)l 4251
Sl sl o dnogi Lol )8 Jos (3990 25i0 slagys:
boosmly ol san B 5 sl (gy9p8 58l Ll
Wl (0B) (slagyg Jold ( Stz i (55 i)
Gaa el aalg 5 pH e 5l g Mgt gCa2*

S5 dons €
Sealad ilwdend 5 S5 o)l ik crl
SeitilSeo 9 (o5 (y 0 yobatods (edle (6530 5 Jssge
9y 5 GO, CUEY L PEE' 8 ol (slagsy b
ST 655 Amslee A 031> aswgi (CNT/GO) cujouels
S pdiges gy il edlaiel L (AG<sub>ads</sub>)Lis
iy 4l b (Seeludge s bled ((Si9 Jdov g oy
b plp g ol polie a8 oy o LsPb2* > Cu2* > Cd2*
dlﬁob‘b l.: Ly, L)" Dy ch 2 Lg)JK}LS =AY 9 —A/A-VY/0
I b 95 Slwbre J oslcumsa @wls 5 oy
Seeludge s gladupin Couws 93 a2y JB Sl e
ol il S o 2l 1y S8 (gl 5l ol
als ol daw d}').'sl Al g sl F 1Y el.'i 51 eslawl L
Ozl )isS Bgn JoSuis 32)b JICUZT 9 PO (sla g oS
»—COOH §—OH _Lole claog,S st slansl b (o8
oS b Wgd e i peySSl VO L Y/ folgd
glas b,k cplaiies jIacas e 5 yams Cd?* @ Moles

(V) y19¢+¢ Ry :‘54 R ;;ol& aoluad



(S R Jo 9 (J9SU90 Swelizs S 5 51 3Ll L CNT/GO (g9, 2 g i 3131 (551 (b

OB Mg &5 )L
B i g S5 dllds oy

e o)l
Bl o)l 45;).@ KCIERSVEICN o (Bl g )Le‘Jél sl

! 0dg)

References
1. Jaishankar M, Tseten T, Anbalagan N, Mathew

BB, Beeregowda KN. Toxicity, mechanism and
health  effects of some heavy metals.
Interdisciplinary Toxicology. 2014;7(2):60-72.
2.Pei Z, Wei Y, Li Q, Huang Y, Hu Y, Zhang Z. A
mechanically strong, highly stable, thermally
insulating, and conductive graphene aerogel and its
application in a lithium-ion battery. Carbon.
2015;95:365-373.

3. Liu L, Wang A, Liu Y. Graphene oxide-based
materials: Fabrication and application in adsorption
of heavy metal ions. Journal of Molecular Liquids.
2018;251:62-74.

4.ZhangL, Chen Z, Liu T, Wang S, Zhang W, Zhang
Z, et al. Molecular dynamics simulations reveal
efficient heavy metal ion removal by Cu-THQ MOF
membranes. Nature Communications.
2023;14:11698.

5.Wang J, Chen C. Removal of heavy metal ions by
nanoscale zero-valent iron. Journal of Nanoparticle
Research. 2009;11(3):697-705.

6. Butler KT, Davies DW, Cartwright H, Isayev O,
Walsh A. Machine learning for molecular and
materials science. Nature. 2018;559(7715):547-555.
7. Geim AK, Novoselov KS. The rise of graphene.
Nature Materials. 2007;6(3):183-191.

8. Eigler S, Hirsch A. Wet chemical synthesis of
graphene. Advanced Materials. 2013;25(26):3583-
3587.

9. Yeh IC, Berkowitz ML. Ewald summation for

systems with slab geometry. The Journal of
Chemical Physics. 1999;111(7):3155-3162.

10. Plimpton S. Fast parallel algorithms for short-
range  molecular  dynamics.  Journal  of
Computational Physics. 1995;117(1):1-19.

11. Jorgensen WL, Chandrasekhar J, Madura JD,
Impey RW, Klein ML. Comparison of simple
potential functions for simulating liquid water. The
Journal of Chemical Physics. 1983;79(2):926-935.
12. Joung IS, Cheatham TE. Determination of alkali

and halide monovalent ion parameters for use in
explicitly solvated biomolecular simulations. The
Journal of Physical Chemistry B.
2008;112(30):9020-9041.

13. Du, Y.; Liu, X.; Chen, J. Molecular Dynamics

Simulations of Graphene Oxide Nanocomposites:

Gl aise; b uS (gilwands YU <o L 1) odmy slalae
g walyd 8elylS Jlws 9 Madgn bl gl ob

o9 BT gl 5l (s9,m (SUS SlasMo
2,0 sl g SO dlis oy

Sl o>
Gl 0 ol dlie BN g bawgs pwils Guisd 4l je

Force Field Development and Applications. J. Phys.
Chem. C 2023, 127, 7456-7467

14 Wang, Q.; Xu, Z.; Zhao, K. Determination of
Atomic Charges for Graphene Oxide through DFT
Calculations and Molecular Dynamics Simulations.
Appl. Surf. Sci. 2022, 571, 151325.

15. Chen, L.; Zhou, M.; Liu, H. Predicting Heavy
Metal lon  Adsorption on  Carbon-Based
Nanomaterials Using Machine Learning. Environ.
Sci. Technol. 2023, 57, 4567-4578..

16. Zhang, R.; Li, X.; Wang, P. Molecular Insights
into lon Adsorption at Graphene Oxide Interfaces.
Carbon 2022, 196, 456-467.

17. Kumar, A.; Singh, S.; Patel, R. K. Computational
Design of Nanomaterials for Heavy Metal Removal
from Wastewater. Chem. Eng. J. 2023, 451, 138742.
18. Berendsen HJC, Postma JPM, van Gunsteren
WF, DiNola A, Haak JR. Molecular dynamics with
coupling to an external bath. The Journal of
Chemical Physics. 1984;81(8):3684-3690.

19. Kastner J. Umbrella sampling. Wiley
Interdisciplinary Reviews: Computational
Molecular Science. 2011;1(5):932-942.

20. Kumar S, Rosenberg JM, Bouzida D, Swendsen
RH, Kollman PA. The weighted histogram analysis
method  for  free-energy  calculations  on
biomolecules. 1. The method. Journal of
Computational Chemistry. 1992;13(8):1011-1021.
21. Souaille M, Roux B. Extension to the weighted
histogram analysis method: combining umbrella
sampling with free energy calculations. Computer
Physics Communications. 2001;135(1):40-57.

22. Grossfield A, Zuckerman DM. Quantifying
uncertainty and sampling quality in biomolecular
simulations. Annual Reports in Computational
Chemistry. 2009;5:23-48.

23. Efron B. Bootstrap methods: another look at the
jackknife. The Annals of Statistics. 1979;7(1):1-26.
24. Humphrey W, Dalke A, Schulten K. VMD:
visual molecular dynamics. Journal of Molecular
Graphics. 1996;14(1):33-38.

25. Pedregosa F, Varoquaux G, Gramfort A, Michel
V, Thirion B, Grisel O, et al. Scikit-learn: Machine
Learning in Python. Journal of Machine Learning
Research. 2011;12:2825-2830.

26. Abadi M, Barham P, Chen J, Chen Z, Davis A,
Dean J, et al. TensorFlow: A system for large-scale

(\) Y19€+€ ugy .5'50— umhgr’ k;4).[& doluad



(S R Jo 9 (J9SU90 Swelizs S 5 51 3Ll L CNT/GO (g9, 2 g i 3131 (551 (b

machine learning. In: Proceedings of the 12th
USENIX Symposium on Operating Systems Design
and Implementation. 2016. p. 265-283.

27. Lundberg SM, Lee SI. A unified approach to

interpreting model predictions. In: Advances in

Neural Information Processing Systems. 2017. p.
4765-4774.
28. Langmuir |. The adsorption of gases on plane

surfaces of glass, mica and platinum. Journal of the
American Chemical Society. 1918;40(9):1361-1403.

(V) y19¢+¢ Ry :‘54 R ;;ol& asluad



