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The possible interactions between some divalent heavy metals and chitosan/graphene oxide (Cs/GO) were
studied by density functional theory (DFT) at B3LYP level with LANL2DZ basis set. Ni, Cu, As, Cd and Pb have
been selected as the heavy metals to be studied because of their high impact in industrial wastewater. The
interactions between Cs and these heavy metals have been considered and compared to Cs/GO composite. The
proposed model was applied to study the interaction between Cs and the heavy metals in compare to both the

effect of oxygen-containing groups on the surface of GO and the effect of the nitrogen-containing groups on the
surface of Cs. The interaction between the composite Cs/GO and hydrated metal showed more selectivity for the
metals than Cs alone. These new results can be applied in the field of environmental pollution by removing the
heavy metals from industrial wastewater.

1. Introduction:

Environmental pollution has become a serious problem for the
public heath due to increase both of the industrialization cycle and the
indiscriminate dumping of heavy metal among many other pollutants
[1]. Harmful pollutants in water, such as heavy metals, and chemical
dyes represent sources of toxicity and bio-accumulative potential in the
food chain [2,3].

The continuous development of novel routes and techniques that
capable of providing clean and safe water to humans have become
significant interest for scientists [4,5]. These techniques have been
determined for extraction toxic metals from wastewater, such as: elec-
trochemical separation [6], reverse osmosis [7], membrane filtration
[8], ion exchange [9], coagulation [10], electrochemical deposition
[11], pulsed laser ablation [12-15] and pulsed laser deposition (PLD)
[16-20].

Among the latter methods, adsorption is the most considerable
process in water treatment procedures due to its high performance, easy
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operation and inexpensive [21]. Owing to its outstanding metal-binding
abilities and low-cost, chitosan (Cs) has gained substantial studies area
in extraction heavy metals [22]. Besides having biocompatible and
biodegradable properties [23,24], the extensive amino and hydroxyl
functional groups along its molecular chains, chitosan gains the pow-
erful adsorption capability by forming heavy metal coordination bonds
[25]. Chitosan usually demonstrates great water dissolvability and
better antibacterial properties. Chitosan's chemical modifications are
the true choices for advancing its properties to be implemented in a
wide field of water purification [26,27].

In 2014, Deka and Bhattacharyya [28] applied (DFT) B3LYP/
6-31+ +G (d, p) for optimization and energy calculations. In 2015,
Mokhtari et al. applied [29] (DFT) B3LYP- 6-31G to detect the prop-
erties of chitosan functionalized graphene and graphene-oxide systems.
Also, in 2015, De Silva and Rajapakse used (DFT) B3LYP- 6-31G (d)
basis set employing in a gas phase model, the significant shift in the IR
bands in the close vicinity of coordination sites upon metal binding may
serve as a diagnostic tool for determining metal binding preferences of
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bio-adsorbents such as chitosan [30]. In 2016, Bayat and Akbariyan
[31] ab initio HF/6-31G, It wasn’t possible to employ a more sophis-
ticated basis set due to the large sizes of the molecules. In 2017, Hassan
et al. have analyzed the chitosan and its derivatives using DFT B3LYP
method while basis set chosen was LANL2DZ and the optimized global
minimum geometry was chosen for metal binding [32]. Since the study
considered only the monomeric form, it is useful in certain biological
conditions as polymerization is applied to chitosan to obtain the oli-
gosaccharides or monomers. This research work assumed that chitosan
is monomer and its derivatives are a good adsorbent for the uptake of
Hg (II). In 2019, Ibrahim et al. have performed [33] (DFT) B3LYP- 6-
311G+ + (d, p) to study the oxidative grafting copolymerization of
both 2-hydroxyaniline and 2-methylaniline onto chitosan in the gas
phase. Also, in 2019, Mirzaei et al. [34] and Vieira et al. employed [35]
applied (DFT) B3LYP-6-311+ + G and for the representative of atoms
C, H, O and LANL2DZ to illustrate pseudopotential for the heavy me-
tals. Their results showed a consistent interaction in the complexation
of the carbonyl, hydroxyl and amide groups in CL with both metals [Cu
(II) and Pb (I1)].

On the other hand, Graphene is single sheet of pure carbon,
wrapped in a two-dimensional lattice of crystal [36-38]. It is con-
sidered as a good candidate for the adsorption of pollutants from con-
taminated water is graphene with a high surface area and strong che-
mical stability [39]. A critical concern, however, is that the graphene
still readily aggregates and makes it impossible to spread homo-
geneously in a matrix [40-43]. Owing to their interesting physical/
chemical properties, graphene oxide (GO), a two-dimensional carbon
material that contains several functional groups on its basal planes and
edges, has reported tremendous excellence as an effective adsorbent for
the removal of heavy metals and toxic pollutants from water [44,45].

The oxygenated functional groups can act as binding positions for
complexing heavy metals. In addition, the large unique total area ac-
cessible also makes GO an excellent candidate for purification of the
water [46]. It is suggested that GO may be a suitable adsorbent for
removing high-speed and efficiency heavy metals, dyes and organic
contaminants [47]. Additionally, GO nanosheets have been reported to
have the opportunity for cross-linking interactions with CS framework
because GO bears with groups including oxygen and CS have amino
groups [48]. The mixture of chitosan and graphene oxide will improve
its adsorbent features such as binding power, selectivity, and mechan-
ical properties, which will play an effective role in enhancing heavy
metal adsorption performance [49].

Currently many processing techniques for removing heavy metal
from waste water such as chemical precipitation [50], membrane se-
paration [51], ion exchange [52], and electrochemical treatment [53],
etc., have been used. To date, many materials have been commonly
used for treating wastewater, including activated carbons [54], clay
minerals [55], polymers [56], zeolites [57] and mesoporous materials
[58]. However, most of the materials referred to above have had issues
with poor or defective sorption capacities at low or high pH. Due to its
good adsorbance ability and high surface areas, graphene oxide (GO)
has become a hot spot for environmental experts worldwide, among the
most representative carbon nanomaterials in the last years [59]. Gra-
phene, with a single atomic carbon sheet, has a thickness of 0.334 nm
and a theoretical maximum surface area of 2630 ng’l [60] as a
hexagonally arrayed sp? structure. A big graphene derivative, graphene
oxide (GO) has demonstrated its abundance of functional groups and
exceptional mechanical force to be the prospective substrate for pre-
concentration of heavy metals [61]. GO has a major advantage in
particular in the removal from aqueous alternatives of different heavy
metals, such as lead Pb (II) [62] copper Cu (II) [63], cobalt Co (II) [64],
Cadmium Cd (II) [65], Cr (VI) [66]. However, there are strong inter-
functional bonds between graphene sheets which result in inactive
surface chemical properties, lower surface area and poor aqueous so-
lutions dispersion, reduced adsorption efficiency and further use in
wastewater treatment [67]. To overcome these disadvantaged,
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chemical modification of graphene oxide is needed, including the
manufactures of GO/metal oxide composites, GO/organic composites
and GO/photocatalytic composites are systematic to enrich and extract
various heavy metals from wastewater. While these major advances
have been achieved, GO-based composites remain confronted with a
range of key challenges: (i) GO-based composite interaction mechan-
isms with heavy metals are still uncertain because of the various surface
features of different GO-based composites; (ii) tremendous efforts to
recover and reuse GO composites are required because of their high
dispersion in aqueous solutions and their close interaction with func-
tions; (iii) it still has a very difficult task to be fully aware of low cost,
high volumes and environmentally safe manufacturing processes as low
cost and large-scale synthesis continue to be crucial to practical appli-
cation. In 2019, Hernandes et al. [68] used basis set 6-31 + G (d, p) for
the C, H, N and O atoms whereas the basis set LANL2DZ was used for
the Cd®*, Cr**, cu®*, Hg?*, Pb?", and Zn®* metal ions. Recently,
both Yadav et al. [69] and Bayoumy et al. [70] applied (DFT) B3LYP/6-
31G (d) for graphene Oxide and GQDs with CS. (B3LYP) was conducted
in this performed calculations where it provides a suitable representa-
tion of the electronic structure of graphene-derivatives.

Molecular modeling at different level of theories is a class of com-
putational work show potential for describing the physical and che-
mical behavior of many systems and molecules covering many field of
applications [71-73]. Modeling could provide data for systems and
molecules whereas the experimental techniques are limited and/or
unavailable.

Accordingly, one can apply the computational methods as an ef-
fective tool to study the possible interaction between metals and chit-
osan modified with graphene oxide. Based upon these considerations,
the correlation between Cs/GO and some divalent heavy metals (Pb,
Cd, and Ni) which commonly found in industrial wastewater in Egypt.
This study is performed molecular modeling to study the electronic
properties of Cs/GO with hydrated heavy metals. The density functional
theory has been applied, at B3LYP level together with the basis set
LANL2DZ. The mechanism of interaction between model molecules and
hydrated metals are indicated.

2. Computational details

Chitosan model is chosen as effective tool for heavy metal elim-
ination from aquatic media and the effect of using Graphene Oxide
(GO) with chitosan for the same goal. Simulating structures were as-
sumed as adsorption interaction of Cs with hydrated heavy metals and
adsorption of Cs/GO with hydrated heavy metals where heavy metals
were represented by Ni, Cu, As, Cd and Pb. GAUSSIANO9 program [74]
were utilized for calculations at Spectroscopy Department, National
Research Centre, Egypt. Calculations computed using DFT theory at
B3LYP level [75-77] with LANL2DZ basis set. Each structure is sub-
jected to optimization till reach a minimum local energy value. Upon
the calculated structures the HOMO-LUMO band gap energy calculated
and also total dipole moment (TDM) with identical theory. Contour
Molecular Electrostatic potential (MESP) also computed for all struc-
tures.

3. Results and discussion
3.1. Model structure and HOMO-LUMO calculations

Chitosan as biodegradable biopolymer with unique hydrogen
bonding is presented as a model for heavy metal removal. The model
consists of three units as row material and its interaction with heavy
metals by means of Ni, Cu, As, Cd and Pb. Furthermore, each metal is
hydrated with five water molecules. To study effect of using GO to
enhance Cs properties to be used as heavy metals removal, model
structure represents GO, Cs/GO and CS/GO interaction with hydrated
metals as Ni, Cu, As, Cd and Pb. Fig. 1 shows models and HOMO-LUMO
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Fig. 1. Optimized models and HOMO-LUMO band gap energy calculated using DFT theory at B3LYP level with LANL2DZ basis set: (a, b) for Cs, (c, d) for GO, (e, f) for

Cs/GO, respectively.

Table 1

Optimized TDM (Debye) and HOMO-LUMO band gap energy AE (eV) values
using DFT theory at B3LYP level with LANL2DZ basis set for Cs, Cs + Ni,
Cs + Cu, Cs + As, Cs + Cd, Cs + Pb, GO, Cs/GO, Cs/GO + Ni, Cs/GO + Cu,
Cs/GO + As, Cs/GO + Cd and Cs/GO + Pb.

Structure TDM AE

Cs 4.0949 2.5712
Cs + Ni 13.2800 0.3505
Cs + Cu 23.4435 0.4942
Cs + As 24.4467 0.5644
Cs + Cd 5.4632 0.9807
Cs + Pb 27.8240 0.3464
GO 2.7105 0.4498
Cs + GO 39.5935 0.4114
Cs + GO + Ni 75.8117 0.3725
Cs + GO + Cu 64.3816 0.3279
Cs + GO + As 54.9783 0.3132
Cs + GO + Cd 65.4845 0.3050
Cs + GO + Pb 71.4807 0.2761

band gap energy for Cs, GO and GO with Cs respectively. Structures
were calculated using DFT theory [78-81] at B3LYP level with
LANL2DZ basis set. Symmetrical distribution orbitals around molecules
illustrated. HOMO-LUMO band gap energy and total TDM for supposed
Cs, GO and Cs/GO as row materials were estimated at the same level of
theory as shown in Table 1. Both TDM and HOMO-LUMO band gap
energy recorded for Cs equal 4.094 Debeye and 2.571, for GO equal
2.7105 and 0.4498 and for Cs/GO equal 39.594 and 0.411 respectively.
Accordingly, TDM for CS/GO increased and AE decreased that Cs

affected by GO addition.

Calculated physical parameters are closely correlated with the re-
activity of the studied structures. As stated earlier physical quantities
such as total dipole moment TDM and HOMO/LUMO bang gap energy
could be correlated with the reactivity of a given compound. The
structure is reactively interact with its surrounding media as its TDM
increased while its HOMO/LUMO band gap is decreased [82,83]. The
Molecular electrostatic potential is considered as another measure for
the reactivity as it indicated the sites enable the structure to interact
with its surrounding molecules [84-86].

3.2. Chitosan with hydrated metals

Chitosan interaction with hydrated metals was supposed as Cs + M
with the existence of 5H,O were M where Ni, Cu, As, Cd and Pb.
HOMO-LUMO band gap energy and TDM were computed at the same
level of theory for all model molecules. Models of Cs and Cs + M and its
HOMO-LUMO band gap energy were simulated in Fig. 2 respectively.
From Fig. 2, Cs orbital distribution affected by metal interaction.

As listed in table 1, TDM and AE band gap energy values also suf-
fered from changes according to the interaction with metal. Accord-
ingly, Cs + Ni TDM increased to 13.280 Debye and AE decreased to
0.350 which means that Ni effect on Cs. Furthermore, Cs + Cu TDM
increased to 23.444 Debye and AE decreased to 0.494 eV. TDM changed
as 24.447 Debye and AE as 0.564 eV according to As interaction with
Cs. Similarly, Cs + Cd TDM and changed to 5.463 Debye and AE to
0.981 eV respectively. Equally, Cs + Pb AE and TDM values became
0.346 eV and 27.824 Debye. Changing in TDM directly while AE
changing inversely, means the high ability for interaction existence.
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Fig. 2. Optimized models and HOMO-LUMO band gap energy calculated using
DFT theory at B3LYP level with LANL2DZ basis set: (a, b) for Cs + Ni, (c, d) for
Cs + Cu, (e, f) for Cs + As (g, h) for Cs + Cd, and (i, j) for Cs + Pb, re-
spectively.

According to result Nickel and lead having the highest ability to interact
with chitosan, which the highest value of TDM and the lowest value of
AE returned to them.

3.3. Chitosan/graphene oxide with hydrated metal

GO was used to improve the efficiency of Cs for metals attraction by
applying model structure of Cs/GO interaction with hydrated metals as
Ni, Cu, As, Cd and Pb with the existence of 5H,0. HOMO-LUMO band
gap energy and TDM were calculated at the same level of theory for all
model molecules represented in Fig. 3 respectively. Fig. 3 explores the
metals effect on the orbital distribution of Cs/GO.

As mentioned previously in Table 1, TDM and AE band gap energy
for Cs/GO verified the values changes due to metal interaction. So, Cs/
GO + Ni TDM improved directly to 75.8117 Debye and AE reversely
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Fig. 3. Chitosan/Graphene Oxide and Chitosan/Graphene Oxide with Hydrated
Metals models optimized HOMO-LUMO band gap energy at basis set B3LYP/
LANL2DZ: (a, b) for Cs/GO + Ni (c, d) for Cs/GO + Cu, (e, f) for Cs/GO + As,
(g, h) for Cs/GO + Cd, and (i, j) for Cs/GO + Pb, respectively.

@

decayed to 0.3725. Furthermore, Cs/GO + Cu TDM up to 64.3816
Debye while AE equal 0.3279 eV. Also, Cs/GO + As TDM changed to
54.9783 Debye and AE to 0.3132 eV. Similarly, Cs/GO + Cd TDM up to
65.4845 Debye and AE reduced to 0.3050 eV respectively. In the same
way, Cs/GO + Pb AE and TDM values reached 0.2761 eV and 71.4807
Debye. According to result comparison between Cs with hydrated me-
tals and Cs/GO with hydrated metal, it founded that Cs/GO was more
selective for hydrated metals more than Cs only. GO addition to Cs
caused an improvement to Cs properties as metal removal.
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3.4. Molecular electrostatic potential

Molecular electrostatic potential MESP calculations were utilized to
understanding all molecular interaction. MESP calculations at same
level of theory presented in Figs. 4 and 5 for Cs and its interaction with
heavy metals: Ni, Cu, As, Cd and Pb in the existence of 5 water mole-
cules and Cs/GO and its interaction with the same metals at the same
conditions. MESP describes charge distribution around the molecule.
MESP color spectrum clarified according to extended gradually as Red,
orange, yellow, green and blue respectively. Ranged color indication for
MESP variation represented as red for the low value and blue for high
value. MESP give a prediction about reactivity of molecule according to
the negative potential which represent the protonation and nucleophilic
sites and positive potential which represent electrophilic sites. The
contour MESP indicated that GO gives Cs stability and reactivity for
metals Ni, Cu, As, Cd and Pb adsorption.

4. Conclusion

A model describing the possible removal of hydrated heavy metals is
presented based on biopolymer modified with graphene oxide. The use

®

Fig. 4. MESP calculations using DFT theory at B3LYP level with LANL2DZ basis set for (a) Cs, (b) Cs + Ni, (¢) Cs + Cu, (d) Cs + As, (e) Cs + Cd, (f) Cs + Pb.

GO with Cs designed for the removal of heavy metals from aquatic
environment have been studied. Calculations were performed using
DFT:B3LYP/LANL2DZ model. The proposed interactions have showed
an enhancement in the chitosan properties as heavy metal removal. The
observed results indicated that GO improve the stability of Cs and its
adsorption reactivity for the metals; Ni, Cu, As, Cd, and Pb. The com-
posite Cs/GO has showed a selectively property for hydrated metals
compare to Cs alone. The observed results for our proposed composite
Cs/GO showed a correlation for the heavy metals Cd and Pb with Cs
which can be applied in the environmental applications as an effective
removal of cadmium and lead from wastewater. The present compu-
tational study paves the way toward further application of eco-friendly
method in future, further experimental verification could be conducted
in future for verification and applications of the investigated material.
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