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Abstract. Arsenic contamination in drinking water poses significant health risks worldwide, making  

the development of efficient removal technologies a critical area of research. This study explores  

the enhancement of graphene’s arsenic (As) adsorption capabilities through metal doping at various 

positions on its surface. Using density functional theory, the interactions between arsenic and graphene 

doped with selected metals were simulated, evaluating the influence of different doping positions  

on adsorption efficiency. The results demonstrated that metal doping significantly improves  

the arsenic removal capacity of graphene, with variations observed depending on the doping 

configuration. These findings contribute to a deeper understanding of the adsorption mechanisms in 

graphene-based materials and offer a computational approach for designing advanced adsorbents for 

environmental remediation. 
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Introduction 

Arsenic is a major environmental pollutant, 

often released into the environment through natural 

processes such as weathering, mineral dissolution, 

and various biochemical activities [1,2]. 

Additionally, human activities, including mining, 

industrial effluents, excessive pesticide and 

herbicide application, and contaminated 

groundwater, significantly contribute to arsenic 

contamination [3]. Arsenic is not only a water 

pollutant but also an air pollutant, with detrimental 

effects on both air quality and aquatic life.  

The dissolution of arsenic in water bodies can harm 

aquatic ecosystems, while exposure to arsenic has 

been linked to several serious health conditions, 

including arsenicosis, leuco-melanosis, and 

cancers [4-7]. 

In response to the growing concern over 

arsenic contamination, numerous studies have 

focused on controlling its release into the 

environment [8]. One effective control method  

is adsorption, which has been applied not only  

to arsenic removal but also for other pollutants 

such as chromium [9,10], cadmium [11-14], 

carbon dioxide [15-18], and other gases [19,20].  

For example, Goswami, A. et al. demonstrated that 

copper(II) oxide nanoparticles are highly efficient 

in removing arsenic from water, achieving an 

adsorption capacity of 1086.2 µg/g [21]. This 

process follows a pseudo-second-order kinetic 

model and conforms to the Langmuir isotherm. 

Similarly, Altundoğan, H.S. et al. showed that 

activated red mud could effectively remove  

arsenic in the dosage range of 20 to 100 g/L, with 

removal efficiencies between 87% and 97%, 

following first-order kinetics and the Langmuir 

isotherm [22]. Other adsorbents explored for 

arsenic removal include synthetic zeolites  

(Chutia, P. et al. [23], 76–80% removal) and 

magnetic adsorbents made from iron oxide and 

wheat straw [24], where higher iron content 

correlated with increased adsorption capacity. 

While much of the existing research focuses 

on experimental methods, computational 

approaches to arsenic removal remain under-

explored. Notable computational studies include 

Zhang, Y. et al. research that deployed the use  

of density functional theory (DFT) to assess  

the arsenic removal potential of iron oxide  

surfaces [25]. Similarly, Watt, H.D. et al. [26] 

computationally examined various mineral 

surfaces, including alumina [27], phosphorene 

[28], and carbon-based surfaces [29], for their 

arsenic adsorption capabilities. Wu, D. et al. [29] 
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also used computational methods to study a 

carbon-based adsorbent and found that the 

presence of small amounts of sulphur dioxide 

significantly enhanced arsenic removal. Despite 

the advancements in computational studies, there 

has been limited exploration of molecular-scale 

mechanisms governing arsenic adsorption. 

Moreover, while doping graphene surfaces with 

metals has been shown to alter their electronic 

properties and improve interactions with 

pollutants, few studies have investigated how 

different doping positions on the graphene surface 

affect these interactions. 

This study addressed this gap by 

establishing a baseline for investigating the 

sorption strength of arsenic on graphene surfaces 

doped with selected metals. Using quantum 

mechanical DFT calculations, the research 

explores how varying doping positions influence 

the molecular properties of graphene and its 

interaction with arsenic. Understanding the 

complexity of model wastewater as a mixture of 

multiple components when experimentally 

characterized, this study simplified the problem by 

modelling its wastewater (also known as synthetic 

wastewater) as a two-component system: water and 

arsenic (that is, the key pollutant), consistent with 

practices in experimental studies. In this study, we 

examine the performance of different surface 

modifications (i.e., the effects of different doping 

sites) in the quest for improving arsenic removal, 

shedding light on the potential for optimizing 

graphene-based adsorbents for environmental 

clean-up. 

 

Computational methodology and details 

This section presents an approach to the 

investigation of changing the position of the metal 

on the surface of the modified graphene and its 

impact on its Arsenic removal ability. These 

includes the study strategy, energy and geometry 

optimization method, and adsorption energy 

analysis.  

Study strategy 

In this research, the adsorption potential of 

the pristine graphene and the metal doped graphene 

were explored. Further investigation of three 

positions where the metal is bonded to the surface 

of the graphene sheet were also carried out to 

ascertain the effects of different positions on the 

sheet. The structure of these surfaces (pristine  

and metal doped graphene) after geometry  

(or structural) optimization is shown in Figure 1.  

It is important to note that the graphene structures 

used in this study was modelled as finite-sized  

 

graphene quantum dots with hydrogen-passivated 

edges. This choice of structure ensures 

computational tractability and stability while 

maintaining the essential electronic and adsorption 

properties of graphene. The hydrogen passivation 

eliminates dangling bonds at the edges, allowing us 

to focus on the effect of metal doping in the central 

region of the graphene sheet. 

In this study, it was investigated three 

distinct positions for metal dopants (Cu, Al, Mn) 

on the graphene sheet: the centre position  

(Gra–Cu, Gra–Al, Gra–Mn), where the metal  

atom replaces a carbon atom at the centre, 

maximizing interaction with arsenic and  

causing significant lattice distortion, due to the 

difference in atomic size between the metal and the 

carbon atom [30]; the edge position (Gra–Cu1,  

Gra–Al1, Gra–Mn1), where the metal atom is 

bonded to carbon atoms at the periphery,  

allowing strong interactions with arsenic  

while minimizing lattice distortion; and the 

intermediate position (Gra–Cu2, Gra–Al2,  

Gra–Mn2). 

Energy and geometry optimization calculation 

Geometry optimization and energy 

calculations were done using density functional 

theory calculations utilizing the global hybrid 

functional (B3LYP) and the 6-31G* polarization 

basis set with a convergence criterion of 5 a.u. on 

Spartan’s V24 modelling package [31] with the 

help of Lenovo Officebook Laptop. 

Adsorption energy calculation 

The adsorption energy (𝐸𝑎𝑑𝑠), which 

represents the energy involved in the adsorption of 

Arsenic in electron volts (eV), is calculated using 

the formula in Eq.(1). 

 

 𝐸𝑎𝑑𝑠 =  𝐸𝑎𝑥 −  𝐸𝑎– 𝐸𝑥                                                (1) 

 

where,  𝐸𝑎𝑑𝑠 - the adsorption energy or strength; 

𝐸𝑎 - the energy of the pollutant or 

adsorbate (arsenic);  

𝐸𝑥 - the energy of the adsorbent (pristine 

or metal-doped graphene);  

𝐸𝑎𝑥 - the energy of the bonded structure 

formed by the adsorbate and adsorbent.  

 

This formula measures the energy change 

that occurs when the adsorbate interacts with the 

adsorbent surface [13,27,32-35]. A negative value 

for 𝐸𝑎𝑑𝑠 indicates that the adsorption process is 

exothermic and spontaneous, promoting the 

stability of the adsorbed state, while a positive 

value suggests the opposite [30,36]. 
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Figure 1. Structure of the interacting surface. Where, P–Gra = Pristine Graphene,  

Gra–Cu = Graphene-Copper surface, Gra–Al = Graphene-Aluminium surface,  

Gra–Mn = Graphene-Manganese surface (Note that all Copper (Cu), Aluminium (Al), Manganese (Mn), 

Carbon (C), and Hydrogen (H) atoms are displaced in green, pink, blue, black, and white).  
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Results and discussion 

Analysis of the interacting species molecular 

properties 

This section provides information about the 

structural properties of each surface (adsorbent) 

presented in Table 2. These properties encompass 

the ionization potential (IP), electron affinity (EA), 

highest occupied molecular orbital (HOMO), 

lowest unoccupied molecular orbital (LUMO), 

electron negativity (EA), chemical hardness (CH), 

global electrophilicity index (GEI), energy band 

gap (Egap) are presented in Table 2 which  

are computed with the use of the models  

presented in the literature [37,38] with the aid of  

Spartan molecular modelling package [31] using 

its in-built spreadsheet features, ensuring accuracy 

and minimizing human error and are presented  

in Table 1. 

The analysis of the highest occupied 

molecular orbital (HOMO) energy (Table 2), 

which indicates a species' ability to ionize and 

release electrons to interacting species, reveals that 

doping the graphene [37-39] surface with metals 

(Cu, Al, Mn) reduces the negativity of the HOMO 

energy. Specifically, the surfaces Gra-Cu,  

Gra-Al1, and Gra-Mn2 exhibit the least negative 

values at –4.42 eV, –4.66 eV, and –4.82 eV, 

respectively, compared to the undoped graphene. 

Similarly, the analysis of the lowest 

unoccupied molecular orbital (LUMO) energy, 

which reflects a species' ability to accept electrons 

from an interacting species according the literature 

[37,38], indicates that the metal-doped graphene 

surfaces exhibit more negative LUMO values.  

The surfaces Gra-Cu1, Gra-Al, and Gra-Mn2 show 

the most negative values at –3.11 eV, –1.72 eV,  

and –3.22 eV, respectively, compared to  

pristine graphene. This implies that Cu, Al, and 

Mn-doped surfaces are more likely to accept 

electrons than donate them. This trend is also 

consistent with the comparison of Ionization 

Potential (IP) and Electron Affinity (EA) values 

(calculated as the negative of the HOMO  

and LUMO energies, respectively), where  

Gra–Cu1, Gra–Al, and Gra–Mn2 show the  

highest electron affinities (1.48 eV, 3.18 eV, and  

3.22 eV, respectively). 

Furthermore, analysis into the energy band 

gap of the surfaces in Figure 1 clearly reveals that 

the Cu, Al and Mn doped surfaces are less 

stable/more reactive when compared to pristine 

graphene with Gra–Cu1, Gra–Al1 and Gra–Mn2 

being the least stable/most reactive of the surfaces. 

Table 2 also confirms the relationship between the 

CH of the surfaces and its Egap, the larger the Egap 

the harder the molecule [38], with the pristine 

graphene being the hardest materials with a 

corresponding larger Egap. In a null shell, the 

analysis of the different properties of the modified 

graphene surfaces employed in this study attest that 

doping graphene with metals enhances its 

reactivity and adsorption capacity. 
 

 
Table 1 

Molecular properties and their mathematical expressions with Spartan-aided calculation code employed. 

Molecular properties Mathematical 

expressions 

Spartan Spreadsheet Calculation Code 

Highest Occupied Molecular Orbital EHOMO = EHOMO EHOMO (eV) = @HOMO*@hart2ev 

Lowest Unoccupied Molecular Orbital ELUMO = ELUMO ELUMO(eV)= @LUMO*@hart2ev 

Ionization Potential IP = –EHOMO IP (eV) = –@HOMO* @hart2ev 

Electron Affinity EA = –ELUMO EA (eV) = –@LUMO* @hart2ev 

Electronegativity EN = (IP+EA)/2 EN (eV) = (–(@LUMO+HOMO)/2)*@hart2ev 

Chemical Hardness CH = (IP-EA)/2 CH (eV) = ((@LUMO-@HOMO)/2)*@hart2ev 

Electronic Gap Egap = IP – EA Egap (eV) = (@LUMO-@HOMO) *@hart2ev 

 
 

Table 2 

Structural properties of each surface (adsorbent) including the pristine and metal doped graphene surface. 

Label EHOMO (eV) ELUMO (eV) IP (eV) EA (eV) EN (eV) CH (eV) Egap (eV) 

P–Gra –5.4491 –1.4121 5.4491 1.4120 3.4306 2.0185 4.0371 

Gra–Cu –4.4252 –1.9873 4.4252 1.9873 3.2062 1.2189 2.4379 

Gra–Cu1 –4.6009 –3.1185 4.6009 3.1185 3.8597 0.7412 1.4824 

Gra–Cu2 –4.8920 –2.6424 4.8920 2.6424 3.7672 1.1248 2.2496 

Gra–Al –5.0047 –1.7230 5.0047 1.7230 3.3638 1.6409 3.2817 

Gra–Al1 –4.6585 –1.4823 4.6585 1.4823 3.0704 1.5881 3.1763 

Gra–Al2 –4.7799 –1.4233 4.7798 1.4233 3.1016 1.6783 3.3565 

Gra–Mn –5.2034 –3.0596 5.2034 3.0596 4.1315 1.0719 2.1438 

Gra–Mn1 –5.1506 –3.0361 5.1506 3.0361 4.0934 1.0573 2.1145 

Gra–Mn2 –4.8231 –3.2172 4.8231 3.2172 4.0202 0.8030 1.6059 
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Adsorption studies  

Here, the results obtained from the 

adsorption study on each surface (absorbent) 

employed in this research which encompasses the 

influence of selected metals and its position on the 

graphene surface are presented. Table 2 shows the 

geometry of each surface employed in this study 

before and after adsorption of the pollutant.  

Note that the distance represented in Table 2 is the 

closest distance between the absorbent and the 

pollutant, where As-metal represent the distance 

between the pollutant and the metal on surface of 

the absorbent and As–C represents the closest 

distance between the pollutant and the carbon atom 

on the surface of the absorbent. 

Geometry analysis of the surfaces indicates 

that as arsenic approaches the metal/carbon atoms 

on the surface of the adsorbent, the interaction 

between the surface and the pollutant increases. 

The bond distance between arsenic and pristine 

graphene is 4.671 Å, was found to be wider  

than one obtained by Srivastava, M. and 

Srivastava, A. [40] as 2.14 Å which could be due 

to co-adsorption of the arsenic with water on the 

same surface. However, the metal-doped surfaces 

show shorter bond distances, indicating stronger 

interactions with the pollutant. For instance,  

Gra–Cu has the shortest bond distance of 2.112 Å 

with arsenic, corroborating existing literature [30]. 

Gra–Cu1 and Gra–Al exhibit bond distances of 

approximately 2.5 Å, while Gra–Al1 and Gra–Al2 

have a bond distance of around 2.4 Å, and  

Gra–Cu2 shows a bond distance of 3.42 Å.  

Among the manganese-doped graphene surfaces, 

Gra-Mn2 exhibits the shortest bond distance  

of 2.128 Å. 
 

Table 2 

The resulting bond distance and molecular structure of the surface after interaction with the pollutant. 

Surface Before After 

P–Gra 

 
As–C = 3.816 Å 

 
As–C = 4.671 Å 

Gra–Cu 

 
As–Cu = 4.481 Å; As–C = 3.675 Å 

 
A–Cu = 2.112 Å; As–C = 3.425 Å 

Gra–Cu1 

 
As–Cu = 4.966 Å; As–C = 3.770 Å 

 
As–Cu = 2.491; As–C = 1.920 Å 

Gra–Cu2 

 
As–Cu= 5.518 Å; As–C = 3.792 Å 

 
As–Cu= 3.417; As–C = 1.793 Å 

Gra–Al 

 
As–Al= 4.066 Å; As–C = 3.611 Å  

As–Al= 2.485 Å; As–C = 2.110 Å 
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  Continuation of Table 2 

Surface Before After 

Gra–Al1 

 
As–Al= 4.893 Å; As–C = 3.838 Å 

 
As–Al = 2.367; As–C = 1.861 Å 

Gra–Al2 

 
As–Al= 5.208 Å; As–C = 3.815 Å 

 
As–Al = 2.364; As–C = 2.362 Å 

Gra–Mn 

  
As–Mn= 4.732 Å; As–C= 3.685 Å 

 
As–Mn= 2.290 Å; As–C= 2.107 Å 

Gra–Mn1 

 
As–Mn= 5.050 Å; As–C= 3.862 Å 

 
As–Mn= 2.158 Å; As–C= 2.012 Å 

Gra–Mn2 

 
As–Mn= 5.588 Å; As–C= 3.790 Å 

  
As–Mn= 2.128 Å; As–C= 3.160 Å 

 

 
Table 3  

Adsorption strength in eV of each adsorbent. 

Label Eads (eV) Highest Eads (eV) 

P–Gra –1.04 –1.04 

Gra–Cu –2.85 –4.63 (Gra–Cu1) 

Gra–Cu1 –4.63 

Gra–Cu2 –2.23 

Gra–Al –2.58 –3.10 (Gra–Al2) 

Gra–Al1 –2.87 

Gra–Al2 –3.10 

Gra–Mn –4.69 –4.69 (Gra–Mn) 

Gra–Mn1 –3.24 

Gra–Mn2 –4.23 

 

Table 3 summarises the adsorption strength 

(in electron volts) of arsenic on the different 

surfaces studied. Doping with metals significantly 

increases the adsorption strength of the surface 

compared to pristine graphene. The surfaces  

Gra–Cu1, Gra–Al2, and Gra–Mn exhibit the 

highest adsorption strengths of –4.63 eV, –3.10 eV,  

and –4.69 eV, respectively. This trend agrees  

with the bond distance data (Table 2) and  

supports the direct relationship between  

adsorption energy and the bond distance  

between adsorbate and adsorbent surface,  

as reported in the literature [41,42]. The adsorption 

strength followed the order: Manganese  

(Gra–Mn) > Copper (Gra–Cu1) > Aluminium  

(Gra–Al2) > Not-dopped (P–Gra). In agreement 

with the literature report [40,43,44], the literatures 

also showed that doping graphene sheet  

with metals (such as iron, copper with boron, 

titanium, and others) improves its adsorptive 

properties for arsenic removal. 
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Conclusions  

This study provides a comprehensive 

computational analysis of the influence of  

metal doping on the arsenic removal capabilities  

of graphene, with a particular focus on how  

different doping positions affect the interaction 

between graphene and arsenic. The study’s 

findings show that doping graphene with metals 

such as copper, aluminium, and manganese 

significantly enhances its adsorption strength for 

arsenic, with the adsorption efficiency varying 

depending on the doping configuration.  

Notably, metal-doped graphene surfaces  

exhibited shorter bond distances and stronger 

interactions with arsenic compared to pristine 

graphene, confirming that doping plays a  

key role in improving the material’s adsorption 

properties. 

The computational results, based on density 

functional theory calculations, also reveal that  

the electronic properties of graphene-such as 

HOMO/LUMO energy levels and electron  

affinity-are substantially modified by doping, 

leading to improved arsenic adsorption. 

Specifically, the Gra–Cu1, Gra–Al2, and Gra–Mn 

configurations demonstrated the highest 

adsorption strengths, making them promising 

candidates for designing advanced adsorbents for 

environmental clean-up. 

Overall, this research highlights the 

potential of metal-doped graphene as an  

efficient adsorbent for arsenic removal from 

contaminated water, providing new insights into 

the mechanisms governing the interaction between 

graphene-based materials and pollutants.  

The findings also suggest that further optimization 

of doping positions and metal types could lead  

to even more efficient materials for a wide range  

of environmental remediation applications.  

Future work could explore the practical scalability 

of these materials and extend the study to other 

pollutants, further solidifying the role of graphene-

based adsorbents in sustainable environmental 

solutions, including the impact of pH and surface 

selectivity in the presence of competing mixture 

components. 
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