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Toxic heavy metals present in aqueous media threaten the survival of human beings and ecosystem, but
mechanisms underlying their absorption by nanoparticles are limitedly studied. The Pb%*, Cu** and Cd®" are
taken as characteristic of heavy metals, while pristine and amine-functionalized graphene oxide (GO) nanosheets
as absorbents. The combination of bench- and computer-based studies unraveled the effects of chemistry and
thermodynamics of model heavy metals absorption by GO. Synthesis of 6-aminouracil functionalized GO (GO-A)
and ethylenediamine functionalized GO (GO-E) reveled the higher potential of GO-E compared to GO and GO-A
towards absorption of Pb%*, Cu>*and Cd?*, following the order GO-E > GO-A > GO. The topmost absorption
capacity varied with pH of the solution, where the highest absorption capacity of GO-E towards Cd?" was
evident, i.e. four to five times higher than those of Pb**and Cu?*. Furthermore, the desorption behavior of the
heavy metal ions from the GO surface was significant, indicating that GO could be reused after treated with
hydrochloric acid solution. Gibbs free energy computations unraveled that Cd%* was spontaneously adsorbed to
nanosheets compared to Pb?>* and Cu®*. The role of surface chemistry was unraveled with GO-E compared to GO

and GO-A in both gas and solvent phases.

1. Introduction

From the time industrial revolution was announced in Britain and
gained momentum, the human health issues being triggered by indus-
trialization have always been beyond remedy [1-4]. Alongside popu-
lation growth and urbanization, facilitated modernization of the textile,
iron, mining, chemicals, and agricultural industries have altogether
flourished the enterprise development leading to drastic economic
growth [5-9]. By contrast, industrial effluents have made serious threats
against the environment and human beings, which criticized the sus-
tainability and circularity of materials and manufacturing processes
[10-13]. Heavy metal pollution holds a top position among industrial
toxic materials, quickly and harmfully spread through the ecosystem,
subsequently endanger the survival of plants, animals and humans
[14-17]. For example, chemical and mining industries are main reasons
for cadmium (Cd2+) spread through water resources [18-20]. However,
inorganic Arsenic (As) originating from natural resources enters
groundwater through dissolving into the soil, subsequently accumulates
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into crops such as rice and corn largely consumed by the humans
[21-24]. An elaborated study based on detailed analysis of global data
collection over the last 50 years from rivers and lakes has alerted the
public to the dangers of heavy metal concentrations and sources
[25-30]. Overall, the aforementioned decadal survey from 1970s to
2010s (1972-2017) was indicative of global increase in both the con-
centration and multiplicity of heavy metals in aquatic environments
based on standards of World Health Organization (WHO). Moreover, the
survey underlined mining, manufacturing, fertilizer and pesticide as the
major heavy metal pollution sources depending on the region. Fig. 1
summarizes the main heavy metals sources worldwide and their corre-
sponding sub-categorized industries [5].

When it comes to wastewater decontamination, the spread, circu-
larity, and pollution cycle of heavy metals should simultaneously be
taken into consideration [31-34]. The noxious spread of hazardous
compounds through the environment originates from anthropogenic
activities, which are reflected in COx/NOx/SOx emissions, industrial
wastewater and soil contamination affecting heavy metals circulation
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(Fig. 2A). Heavy metals pollution fueled by poor effluent management
has devastating consequences for plants, animals, and humans beings
[35-39]. The toxicity consequences of heavy metals should be critically
viewed alongside their non-biodegradability in the ecosystem. More-
over, heavy metal ions entering human food chain are toxic in all forms,
either free or complexed, even at low concentrations. Through forma-
tion of complex compounds within the human cells, heavy metals sub-
stantially disrupt their metabolic and endocrine functions [40-42]. A
multitude of diseases ranging from allergic dermatitis and skin reactions
to developmental retardation, immunological and neurological disor-
ders, tissue damage and cancer are the consequences of heavy metal
circulation in the ecosystem (Fig. 2B) [8,9]. For instance, approximately
one third of Cd?* entering human body are stored in the kidneys, leading
to coagulation of urea proteins and blockage of kidney ducts and tubes,
and also acceleration of kidney stones formation [43,44]. The cd*t
accumulation in the liver disables some enzymes, which becomes more
critical with age [45,46]. Basic information required for health risk
assessment of reuse of heavy metals contaminated industrial wastewa-
ters for irrigation has elaborated in a review paper [12]. However, the
mechanism of devastating effects of combination of heavy metals in
living organisms remains a hot debate.

In the light of above discussions, the detection, recycling, and
removal of heavy metals from industrial wastewater appears important
from both environmental and economic perspectives. Recently, various
technologies such as ion exchange, chemical deposition, evaporation,
reverse osmosis and electrochemistry have been served to separate
heavy metal ions from industrial wastewaters [13,14]. However, there
are limitations in using these methods such as low selectivity, low ca-
pacity to collect metal ions, and producing other toxic compounds [15].
Unlike the aforementioned strategies, absorption methods are best
known for their efficiency from an economic point of view, which can be
engineered depending on the application and through adjustment of the
affinity between the adsorbent and the target pollutants. Carbonaceous
absorbents have been widely used for heavy metal removal because of
their wide range of variety as well as regional and global availability.
Due to the cationic nature of heavy metal ions, carbon-based absorbents
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with acidic pH are prioritized. Nevertheless, physical absorption, elec-
trostatic interaction, ion exchange, surface complexation, and partici-
pation are known as possible absorption mechanisms for removal of
individual or coexisting heavy metals in wastewater [17]. In parallel
with worldwide interest in the use of nano-absorbents in heavy metals
removal from wastewater over the last two decades [18], both pristine
and functionalized carbon-based nano-absorbents were repeatedly
examined [19]. Graphene based nano-absorbents has been recently
considered with many scientists worldwide for their ability to absorb
heavy metal ions from wastewater originating from their high
cross-sectional area, and ability to be functionalized with diverse func-
tional groups [20].

Zeng et al. [51] Oxytetracycline (OTC) and sulfamethoxazole (SMX)
coexisting in aquatic settings may experience competing absorption to
affect the removal efficacy of NAC, a developing carbonaceous nano-
material for water treatment. Using density function theory (DFT) cal-
culations and experimental analysis, this work examined the
competitive absorption of OTC and SMX onto NAC under various
interaction sequence, pH, electrolyte, and water matrix conditions. Ac-
cording to absorption kinetics, the absorption of one antibiotic was
reduced by an increase in its concentration. Due to competitive ab-
sorption, binary systems reached equilibrium more quickly than single
systems, and the pseudo-second-order model matched both systems the
best. NAC seemed to have a greater affinity for OTC (395.26 mg/g) than
SMX (232.02 mg/g), according to absorption isotherms, and the Lang-
muir model fit both single and binary systems. Sequential absorption of
[NAC + OTC] + SMX was preferred to binary absorption, which is
consistent with the optimal SMX-[NAC-OTC] structure with a binding
energy of —57.25 kcal/mol derived from DFT calculations. The pH range
of 3.2-5.6 was ideal for competitive absorption since this is where NAC
and cationic antibiotics were electrostatically attracted to one another.
Competitive absorption was affected by salting-out, charge screening,
and complexation effects from Na* and Ca®". In both single and binary
systems, NAC was able to remove OTC and SMX from wastewater
effluent among four water matrices in the most efficient manner. Ab-
sorption was facilitated by hydrogen bonding, © — = electron
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Fig. 1. A brief overview of main sources of heavy metals from industrial, agricultural, domestic, natural, and other or miscellaneous sectors alongside some

anthropogenic sub-categories of pollutant industries.
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Fig. 2. (A) Global view of circulation of heavy metals in the ecosystem; and (B)
heavy metal spread through soil, water, air, and food chain correlated with
sediments in human tissues and organs from food chain.

donor-acceptor interactions, hydrophobic interactions, and electrostatic
interactions. The functional groups of NAC underwent a sequential
transition in single and binary systems, respectively, after - OH — C — H
—-C—-—0->C=Cand C=C - C — O » C — H —» — OH. The results
demonstrate NAC’s potential for remediating antibiotic combinations in
complicated aquatic settings and offer important insights into the
competitive absorption processes of antibiotics on NAC.
Gallego-Villada, Luis A. et al. [52] Using a dendritic ZSM-5 zeolite
(d-ZSM-5) as a highly selective catalyst for the synthesis of dihy-
drocarvone (DHC) in the form of diastereoisomers (cis + trans), this
work investigates the isomerization of limonene-1,2-epoxide (LE) from
kinetic and mechanistic perspectives. Green solvent ethyl acetate was
employed at moderate reaction temperatures (between 50 and 70 °C).
DHC, which may also be derived from caraway oil, is a common
ingredient in tastes and fragrances as well as an intermediary in the
synthesis of epoxylactone. Using a reaction network including eight
parallel reactions and the associated rate equations, which were ob-
tained from the assumption of the rate-limiting surface reactions, kinetic
modeling of LE isomerization was carried out. Three of those processes
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may be disregarded in order to more properly characterize the kinetic
model, according to the statistical results of several kinetic parameters
of the first data fitting, which showed substantial standard errors. The
statistical dependability of the improved kinetic model was confirmed
by this refinement, which produced standard errors in the kinetic pa-
rameters that were less than around 11 %. The calculated activation
energies for the production of trans-DHC and cis-DHC were 162 and 41.1
kJ/mol, respectively. The optimum route for the conversion of both cis
and trans-LE to DHC and carveol was determined using Density Func-
tional Theory (DFT) calculations. Near-instantaneous dihydrocarvone
production occurs under the examined conditions after the
rate-determining step of carbocation formation (AEact = 234 kJ/mol).

Xi Wang et al. [53] The direct and efficient removal of multiple
heavy metal ions from acidic wastewater are a challenge. In this study,
an efficient adsorbent of polyvinyl alcohol with abundant phosphate
functional group (P-PVA) was designed and prepared for the simulta-
neous removal of multiple heavy metal ions (i.e., Cd2+, Cu2+, and
Pb2+) from acidic wastewater. The characterization results indicated
that abundant phosphate functional groups can be grafted with polyvi-
nyl alcohol. Under acidic conditions (pH = 3), the absorption results of
P-PVA adsorbent show rapid removal of Cd%>", Cu®>*, and Pb?>". The
maximum absorption capacities of 210.21 mg/g, 140.76 mg/g, and 235
mg/g were obtained for Cd2+, Cu2+, and Pb2+ ions, respectively. The
adsorbent also shows high absorption capacity in the presence of humic
acid or coexisting cations (i.e., K+, Ca2+, and Mg2+). Competitive
absorption behaviours under various systems showed binding strength
of P-PVA in the order Pb2+ > Cd2+ > Cu2+. The absorption mechanism
of heavy metal ions was mainly governed by the complexation reaction
between the phosphate functional group of P-PVA and heavy metal ions.
This new adsorbent has a very high potential for practical application in
the treatment of acidic and complexly polluted wastewater.

Naef A. A. Qasem et al. [54] Removal of heavy metal ions from
wastewater is of prime importance for a clean environment and human
health. Different reported methods were devoted to heavy metal ions
removal from various wastewater sources. These methods could be
classified into absorption-, membrane-, chemical-, electric-, and
photocatalytic-based treatments. This paper comprehensively and crit-
ically reviews and discusses these methods in terms of used agents/ad-
sorbents, removal efficiency, operating conditions, and the pros and
cons of each method. Besides, the key findings of the previous studies
reported in the literature are summarized. Generally, it is noticed that
most of the recent studies have focused on absorption techniques. The
major obstacles of the absorption methods are the ability to remove
different ion types concurrently, high retention time, and cycling sta-
bility of adsorbents. Even though the chemical and membrane methods
are practical, the large-volume sludge formation and post-treatment
requirements are vital issues that need to be solved for chemical tech-
niques. Fouling and scaling inhibition could lead to further improve-
ment in membrane separation. However, pre-treatment and periodic
cleaning of membranes incur additional costs. Electrical-based methods
were also reported to be efficient; however, industrial-scale separation is
needed in addition to tackling the issue of large-volume sludge forma-
tion. Electric- and photocatalytic-based methods are still less mature.
More attention should be drawn to using real wastewaters rather than
synthetic ones when investigating heavy metals removal. Future
research studies should focus on eco-friendly, cost-effective, and sus-
tainable materials and methods.

Zhongbing Wanget al. [55] The safe treatment of heavy metals in
wastewater is directly related to human health and social development.
In this paper, a new type of recyclable adsorbent is synthesized through
the oxidation of enhancer and modification with magnetic nano-
particles. The new adsorbent not only inherits the advantages of
multiwall carbon nanotubes (60-MWCNTSs), but also exhibits a new
magnetic property and further improved absorption capacity, which is
conducive to the magnetic separation and recovery of heavy metals. The
absorption results indicate that multiwall magnetic carbon nanotubes
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(60-MWCNTs@Fe304) have a good performance for Pb(II) selective
absorption, with a maximum absorption capacity of 215.05 mg/g, much
higher than the existing absorption capacity of the same type of adsor-
bents. Under the action of an external magnetic field,
60-MWCNTs@Fe304 that adsorbed metal ions can quickly achieve
good separation from the solution. The joint characterization results of
FTIR and XPS show that under the action of both coordination and
electrostatic attraction, the C=0 bond in the -COOH group is induced to
open by the metal ions and transforms into an ionic bond, and the metal
ions are stably adsorbed on the surface of 60-MWCNTs@Fe304. Pb(II)
has a stronger attraction than Cu(II) and Cd(II) to the lone pair of
electrons in oxygen atoms to form complexes, due to the covalent index
of Pb (6.41) is more larger than that of Cu (2.98) and Cd (2.71).These
data provide a new type of recyclable adsorbent for the efficient treat-
ment of heavy metal ions in wastewater and enrich relevant theoretical
knowledge.

David B. Olawade et al. [56] Heavy metal pollution is a major threat
to the environment and public health, and requires effective renovation
strategies. In a nanomaterial-based approach, a promising solution
removes heavy metals from water sources and uses the unique proper-
ties of the nanomaterials to improve selectivity, efficiency and sustain-
ability. Advances in the Syntheses method, surface functionalization,
and integration into existing water treatment infrastructures have
shown significant potential in managing the challenges of heavy metal
contamination. However, several important aspects must be considered
for successful implementation of nanomaterial-based renovation tech-
niques. Compliance with environmental impact assessment and regu-
latory compliance is of paramount importance to mitigate potential risks
and to ensure that responsible use of nanomaterials in water treatment
applications is liable. Furthermore, scalability, cost-effectiveness, and
integration into other renovation technologies are important consider-
ations for practical implementations and widespread adoption of
nanomaterial-based solutions. Furthermore, continuous research efforts
should focus on addressing key challenges such as nanomaterial stabil-
ity, durability and multifunctionality in order to improve performance
and reliability in real-world environments. Collaboration with the most
important stakeholders in science, industry, government agencies and
local governments is essential to foster innovation, foster technology
transfer, and accelerate translation of research findings into imple-
mentable solutions.

Jianzhi Wang et al. [57] Functionalized magnetic absorber acid
(FMA) was used by a simple, surface less solvent one-pot approach using
acid chlorine hexahydrate as reducing agent, ethylene glycol as reducing
agent, ethylene glycol using ethylene glycol synthesis as electrostatic
stabilization, ethylene glycol, The self-organization process of func-
tionalized magnetic ad soldering science has been examined, and
plausible mechanisms have been proposed. The resulting functionalized
magnetic intake device has relatively high specific surfaces (71.6 m2 g
—1), excellent magnetic properties and abundant functional groups
(carboxyl groups, hydroxyl groups, hydrophobic groups). In the mean-
time, the resulting FMA was used to adsorb the dyes and heavy metal
ions made in aqueous solutions. Here we took two typical contaminants:
dyes (methylene blue (MB) and malachite green (MG)) and toxic heavy
metal ions (CR(VI)) and PB(II)) as examples of organic and inorganic
pollutants in environmental waters. The excellent intrinsic properties of
FMA resulted in stronger absorption capabilities than fixed solid Fe304
absorbent for MB, MG, Cr(VI), and PB(II). In particular, the simulta-
neous absorption of magnetic absorption like functionalized Blum of Mg
and Pb(II) was also determined in the binary system. Finally, it was
shown that the resulting flower-like magnetic advertising soybeans are
expected as excellent candidates for water treatment adsorbents.

Aquib Jawed et al. [58] The current study investigates the removal of
Cu(Il) ions from aqueous solutions by absorption via amine-modified Fe
(IID)-doped-ZnO-nanoparticles (FZO) pearls. The physicochemical
properties of the synthesized FZO and FZO-M balls were used using field
emission electron electron microscopy, energy dissive X-ray
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spectroscopy, XRIDGRACTOMTRIE (XRD), Fourier transform infrared
spectroscopy (FTIR) and X-ray photoelectron specifications (XPS). We
investigated the effects of various absorption parameters, including pH,
temperature, dosage, contact time and initial metal concentration, for
removal of Cu(Il) ions. The synthesized FZO and FZO-M pearls showed
complete removal of Cu(Il) ions from 50 ppm aqueous solutions with
doses of 1 g/L, pH, temperature at 25 °C within 720 min. Cu(II) and
FZO-M-Kiigelchen via FZO and FZO-M-Kiigelchen were achieved as seen
from the FTIR, XRD, and XPS analyses. The kinetics of Cu(II) absorption
through both synthetic pearls follows the model in pseudo seconds and
order, which are faster for FZO-M pearls than for FZO pearls. According
to the amino modification of FZO-NPS, the maximum absorption ca-
pacity of FZO-M balls for the removal of Cu(II) ions was improved by 1.7
times and estimated at 21.5 mg/g according to the Langmuir isothermal
model. The Cu(Il)-D removal mechanism identified by XPS analysis
showed absorption, complexation and copper oxide formation.

De Araujo et al. [59] Using the PCM/COSMO approach, the relative
stability of radicals derived from anti-malarial artemisinin was calcu-
lated. Calculations were performed with polar (water) and apolar (THF)
solvents at density functional levels [B3LYP/6-31G(D)]. Relative sta-
bility was calculated as a reference using isotype equations using arte-
misinin. It was found that substitution of oxygen atoms reduces the
relative stability of the anionic radical intermediates by the CH2 unit.
The degree of destabilization decreases in the presence of solvent and is
less water than THF. The dipole moment and the energy without this
type of corresponding solvent solution modulate this effect. Derivatives
with rectangular stereochemistry are more stable than those with
artemisinin-like stereochemistry, although the solvent reduces this sta-
bilizing effect. As found in vacuo calculations, carbon-centered radicals
are always more stable than their corresponding oxygen-centered
radicals.

In this article, we worked on the removal of heavy metal ions from
aqua solutions using graphene oxide and the modification of graphene
oxide in the presence of two amines in our laboratory. Introducing
amine groups to the graphene oxide surface through imitation process
can significantly increase the absorption capacity of graphene oxide for
heavy metal ions removal.

2. Materials and methods

All solvents, chemicals, and heavy metals nitrates used in this study
including deionized water (DW), 30 % solution of hydrogen peroxide
Hy05, KMnOy4, H3SO4, NaNOs, HCl (5 %), tetrahydrofuran (THF),
dimethylformamide (DMF), thionyl chloride (SOCly), hydrochloric acid,
ethylenediamine, dimethylformamide, carboxylic acid (R—COOH), Cu
(NO3)2, Cd (NOg3)s, and Pb (NO3), were provided by Merck Co. (Ger-
many), except for 6-aminouracil purchased from Sigma-Aldrich
(France). All chemicals purchased were used as-received without
further purification.

2D GO nanoparticles were synthesized using Hummers method
through graphite oxidation with the aid KMnO4 [21]. The procedure
used was as follows: 3 g of graphite and 1.5 g of NaNO3 were poured at
room temperature into a round-bottom flask, followed by the addition of
70 mL of concentrated HSO4 (98 %) and then cooling the mixture down
to 0 'C under a water bath; after 15 min, 9 g of KMnO, was added slowly
to the solution under a well-controlled condition such that the temper-
ature of suspension remained low enough, below 20 ‘C. The reactants
continuously stirred for 24 h in the presence of ice water bath at 0 'C;
after 24 h of stirring, a thick gray paste was obtained. Then, 270 mL of
DW was added to the pasty material under continuously stirring for 15
min; then 20 mL of 30 % H30, was slowly added, and then 60 mL of HCL
(5 %) was added to the mixture, and then 30 mL of DW was again added.
The color of the solution changed from brown to yellow after stirring
continued for 2 days, and after that, the solution was repeatedly filtered
and washed in order to make separated the acid. The mixture was
centrifuged to neutralize its pH, followed by dehumidification and
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drying in an oven for 24 h, ended in collecting GO nanoparticles (Fig. 3,
Top) [22]. The obtained product is used for the next reaction in order to
prepare 6-aminouracil and ethylenediamine functionalized GO, here-
after referred to as of GO-A and GO-E, respectively.

Functionalization of GO with 6-aminouracil precursor to gain GO-A
was carried out by putting 0.5 g of GO under reflux with 20 mL of SOCl,
in the presence of 0.5 mL of DMF for 24 h at 70 °C to convert the C;HsOH
attached to the surface into acyl chlorides. After refluxing, the material
was dried with a rotary and placed in an oven for 24 h at 60 °C, and 20
mL of dry THF was dispersed into the resulting solid material, and then
0.5 g of 6-aminouracil was added to it and refluxed again for 24 h at
75 °C, then dried with a rotary and washed several times with DW and
subsequently three times washing with ethanol. This procedure was
repeated until the it was dried completely, then the materials was placed
in an oven at 60 °C for 24 h until the dry amine-functionalized precursor
GO-A was stored (Fig. 3, Bottom Left) [23].

Amine functionalization of GO with ethylenediamine to gain GO-E
was initiated by putting 0.5 g of GO under reflux with 20 mL of SOCl,
and 1 mL of DMF for 24 h at 70 °C. After refluxing, the material was
dried with a rotary. The resulting product was treated with 50 mL of THF
to remove the unreacted SOCI; and poured into a test tube adding 10 mL
of THF and centrifuged two times and then putting the product under
vacuum at 60 °C for 24 h. After drying, we took 0.5 g of the obtained
product, refluxed it with 50 mL of ethylenediamine for 2 days at 100 °C,
followed by filtering, washing for three times with DW and then washing
it five times with pure ethanol, drying and collecting (Fig. 3, Bottom
Right) [24].

Chemical structures of the synthesized GO, GO-A, and GO-E were
characterized on a FTIR instrument (Spectrum Two, PerkinElmer Inc.,
Boston, MA). FTIR spectra were collected using a KBr pellet in a trans-
mission mode within the wavelength of 4000-400 cm ™! with spectral
resolution of 4 cm ™. The structure and surface characteristics of the
synthesized GO, GO-A, and GO-E were studied by a diffractometer (X
Pert pro, PANalytical, Netherlands). XRD using CuKa radiation (voltage
30 kV, current 15 mA). The diffractograms were recorded with a step
degree of 0.02°, with acquisition time of 2 s, and for 2 angles ranging
from 10 to 60°. The morphology and the physicochemical interactions
and absorptions of the GO, GO-A, and GO-E were observed in SEM im-
ages provided from GO, GO-A, and GO-E dispersions. GO, GO-A, and
GO-E were dispersed within the ethanol under 15-30 min of sonication
and depending on homogeneity, then a drop of the obtained suspension
was placed on a graphite-coated SEM grid, dried in order to evaporate
the solvent and examined by SEM (Sigma VP apparatus, Germany) at
room temperature under 100 kV voltage.

As practiced in and learned from our previous works [25,27],
selecting the best method for the removal of heavy metal ions from
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wastewater depends on several key factors, including the initial con-
centration of the metal ions, and preferably the estimated cost of the
operation. Moreover, chemicals added, ions removed, and their implicit
environmental impacts as well as the efficacy and financial viability
have to be considered. The absorption treatments used was also
dependent on the absorbents.

3. Results and discussion

In Fig. 4, FT-IR spectrum of GO shows a broad band at 1250 cm™?,
which is attributed to the vibration of surface hydroxyl groups or vi-
bration of surface hydroxyl groups (~3400 cm ™). In addition, the bands
related to other vibrations are: C=0(-COOH) vibration (~1719 cm’l),
OH deformation (~1339 cm’l), and C-O(alkoxy) and C-O(epoxy)
(~1039 cm™) stretching modes are visible at1719,1339, 1217, and
1031 em ™. The band at 1619 em ™! can be attributed to the stretching
vibrations of the C=C double bond type, and the spectra of other de-
rivatives are also shown in Figs. 7-8. In the spectrum of 6-aminouracil
and ethylenediamine, two separate spectra in the region of (~2800
cm 1) indicate the presence of -NH and -NH,, groups on the GO surface.

Fig. 5 shows the small-wavelength XRD spectra of GO structure taken
from the powder sample in order to estimate the amount and degree of
diffraction using the relative intensity of the peaks. The presence of the
intense and sharp peak at 20 = 8.1° corresponds to the interplanar
spacing of GO sheets. This value is attributed to a diffraction (001),
which is representative of dependency on the type and the method of
synthesis, as well as the number of layers of water in the interlayer
space. Moreover, XRD spectrum analysis shows that the diffraction
pattern corresponds to a layered structure. A comparison between XRD
patterns of graphite and GO can also be seen in long-wavelength interval
patterned in Fig. 6, where difference between characteristic peaks are
indicative of successful formation of GO from graphite, in terms of
crystallinity evolution.

The SEM image of GO platelets synthesized in this work can be seen
in Fig. 7. The SEM images provided in this figure are taken from different
zones and domains observed through the microscope lens and with
different magnifications, which are representative of the topology of GO
or the surface morphology. Such a multiplicity of spot scanning by the
microscope is a measure of taking a full picture of the microstructure
and topology of GO platelets. The images clearly display that the layers
of GO are formed, along with its derivatives are observed clearly. In
other words, these detailed and multi-spot SEM micrographs are indic-
ative of the formation of a multi-layered nanostructure.

It was believed that surface functionalization should change such a
morphology, which was assessed by SEM micrographs of GO-A and GO-
E. The left-hand side column in Fig. 8 shows the SEM image of GO-A

Fig. 3. Schematic chemical structures of GO (Top), and (Bottom Left), and heavy (Bottom Right) synthesized in this study [22-24].
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Fig. 4. FTIR spectra of graphite (a), GO (b), GO-A (c), and GO-E (d).

1004 (001)

Intensity (a.u.)

(102)

J (002)
U

bl b

W MMWW«MW

0 T T T b T T T T T T T
20 30 40 50 60

20 degree

Fig. 5. Small angle XRD spectrum of GO, synthesized in this study.
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carbon nanostructures prepared in this work from GO platelets through
surface modification with 6-aminouracil precursor. The right-hand side
column in Fig. 8 shows SEM micrographs taken from GO-E nano-
platelets, which are resulting from surface functionalization of GO with
ethylenediamine. These nanostructures are synthesized with the aim
that they should present a good performance in heavy metal removal
from aqueous environment due to their excellent surface absorption
properties originating from a hydrophilic surface with chelating groups.

There is a clue that GO nanoplatelets are partially potent to adsorb
heavy metal ions distributed within an aqueous medium. The hydro-
philic character as all as the abundance of functional groups such as
hydroxyl and carboxyl in GO-A and GO-E nanostructures supports
removal of heavy metal ions from wastewater. In this article, the aim
was to improve the bonding performance between the GO nanoplatelets
and pollutants, which were heavy metal ions, by the aid of two types of
amines in a comparative manner. Addition of amine to GO creates an
amide, and the graphene is somehow optimized and creates a compound
with higher properties for adsorbing heavy metal ions at room temper-
ature. Metal ions absorption can be in the form of physical absorption
(based on electrostatic interactions) or chemical absorption (based on
chemical binding). Chemical and electrostatic absorptions are combi-
natorial modes of absorption process. Another important factor is the
presence of functional groups on the surface and surface density factor of
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Fig. 6. Long-wavelength XRD spectra of graphite (a) and GO (b), synthesized in this study.
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Fig. 7. SEM micrographs of GO nano-platelets provided from different spots seen through the lens of microscope.

surface groups such as carboxylic acids, hydroxyls and other groups on
the surface. On the other hand, graphite oxidation leads to the creation
of hydrophilic sites on the graphene structure that increase the ab-
sorption capacity of graphene. In this article, it is shown that GO and its
derivatives, i.e. GO-A and GO-E are ideal absorbents for the removal of
heavy metal ions from aqueous wastewater. Since the absorption ca-
pacity of carbonaceous absorbents mainly depends on the number or
population of the functional groups anchored to the surface of nano-
structures, the more these groups are, the more would be the contri-
bution of absorption to heavy metal removal. When graphene is oxidized
by a strong oxidant, functional groups such as carboxylic acid, hydroxyl
and epoxide are formed on the surface of graphene leading to GO
becoming hydrophilic. When GO is converted into its chloride com-
pound in the presence of SOCly, it can form a number of amide groups on

the surface of GO nanoplatelets (Equation (1)). Therefore, chelating
groups are placed on the surface of GO.
0
|

Goc-cl— N2 GO—<‘3‘-NH2

GO+Socly
0]

Two absorption processes are responsible for the absorption of heavy
metal ions by the GO surface or absorbents; ion exchange reaction be-
tween metal ions and carboxyl groups (COOH-) or hydroxyl groups (OH-
) and surface complexation. The second process of metal ion complex-
ation with amine functional groups, the first absorption mechanism is an
ion exchange reaction between metal ion and COOH- and OH- groups.

Mechanism (I): Heavy metal ion reacts with COOH- and OH- groups
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Fig. 8. SEM micrographs of GO-A (left-hand side column) and GO-E (right-hand side column) nano-platelets provided from different spots seen through the lens

of microscope.

on the surface of GO and forms a complex, as follows:

GO-COOH + M** -GO-COO™-M?** 4+ H*
(GO-COOH), + M*"—(GO-CO0)™-M?*" + 2H*
GO-OH + M*' -GO-0™-M?" + 2H"
(GO-OH), 4+ M*"—(GO-0)"-M>" 4 2H"

(2)

Mechanism (II): The reaction is between metal ions and functional
groups on the GO surface, as follows.

0
GO-CNHCH,CH,NH+M?%

GO-NHCH,CH,NH;

’
N ,
N ,
N
N

K
\M2+

Graphene oxide is optimized by 6-aminouracil diethylenediamine
and studied in the process of absorption and separation of heavy metal
ions. Graphene oxide partially has the ability to absorption metal ions in
aqueous medium. The hydrophilic character and the presence of func-
tional groups such as hydroxyl and carboxyl help to remove metal ions.
In this article, the aim is to improve the bonding properties of graphene
oxide by two types of amines. Addition of amine to graphene oxide
creates an amide, and the graphene is somehow optimized and creates a
compound with better properties for absorbing metal ions at room
temperature. Metal ions absorption on the absorption can be in the form
of physical absorption (based on electrostatic interactions) or chemical
absorption. Chemical and electrostatic absorption are two important
and influential factors in the absorption process (Fig. 9).

With the absorption of heavy metal ions on the surface of GO
nanoplatelets, the pH of the environment becomes acidic, and due to the

n+ od OHBL X ©
é> P o S e
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Sonication =& OH LOH
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COOH
Graphene Oxide Electrostatic
Binding

Fig. 9. Absorption of metal ions by electrostatic interactions on GO surface.

formation of complexes between heavy metal ions and functional
groups, more stable structures must be formed. This is a kind of
emphasis to increase the absorption capacity of the absorption. Fig. 10
shows digital image of the absorption of heavy metal ions by the
absorbent. For a comprehensive review of the absorption process and
the influencing factors, the effects of the amount of absorbent and the
concentration time of the pollutants are further investigated.

The absorption behavior of heavy metal ions is related to the contact
time. In the study, it was proved that the change of time from 5 min to
60 min affects the amount of absorption. The amount of copper ion
(Ccu*H absorption on each of the absorbents has been monitored at
different times and the desired absorbent amount of 2 mg has been
measured at room temperature. The results are reported in Fig. 11a. The
amount of cadmium ion (Cd2+) absorption on each of the absorbents has
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Fig. 10. Digital photos of heavy metals absorption by GO and its derivatives as
a function of time.
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also been monitored as a function of time under constant absorbent
amount of 2 mg for the sake of comparison at room temperature, and the
results are reported in Fig. 11b. The amount of lid ion (Pb?") absorption
on each of the absorbents has similarly been measured at different times
under desired absorbent amount of 2 mg at room temperature, and the
results are reported in Fig. 11c. Overall, descending trend over time was
expectedly seen regardless of adsorbent type, but the presence of 6-ami-
nouracil and ethylenediamine groups, respectively in GO-A and GO-E
nanosheets, slowed down the absorption process, a characteristic of
higher efficiency and more surface contribution from the adsorbent to
the pollutants.

The absorption behavior of three absorbents of GO, GO-A, and GO-E
nanosheets was captured as a responding variable in terms of the
amounts of GO, GO-A, and GO-E as of 0.5, 1, 2, and 5 mg at a constant
time of 30 min for copper metal ions. The results are shown in Fig. 12. As
the results confirm, the amount of 2 mg of absorption is optimal, such
that the curves leveled off at that concentration.

The behavior of absorption by the aid of GO, GO-A, and GO-E
nanosheets used as absorbents at constant concentration of 2 mg and
varying pH of the simulated wastewater has been plotted for three types
of heavy metal ions, as presented in Fig. 13. Overall, it is observed that
acidic solutions undergone higher absorption efficiency, which is the
case for such pollutants. On the other hands, the selectivity of absorbents
towards heavy metal ions should be taken into account. This is an
indication of the role of surface functional groups on the selectivity of
absorption depending on the type of pollutant. For instance, Cu?" has
been adsorbed by the absorbents (Fig. 13a) following an efficiency in the
order of GO > GO-A > GO-E. On the other hands, cd** could be
removed from wastewater more easily and efficiently by the GO-E, such
that absorbents were successful in Cd%* removal in the order of GO-E >
GO-A > GO (Fig. 12), which is in vivid contradiction with removal of
Cu?*. The equilibrium state was indeed achieved more quickly in highly
acidic wastewater solutions, but surface functionality of absorbents
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Fig. 11. The variation of absorption rate for cu?* (a), Cd?* (b), and Pb** (¢) heavy metal ions as a function of absorption time under specific pollutant concentration

and applying 2 mg of GO, GO-A, and GO-E absorbents at room temperature.
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Fig. 12. The variation of absorption for Cu?>* heavy metal ions as a function of
the amount of GO, GO-A, and GO-E absorbents over 30 min absorption process
at room temperature.

played as the most key parameter in absorption efficiency. Such an ab-
sorption capacity could basically affect the design and engineering of
adsorbent surface chemistry, which has been systematically served and
proved in this work. Another feature of this comparative analysis is the
amount of pollutant adsorbed, which can be seen in the vertical axes of
bar diagrams in Fig. 13. For instance, Pb>" was separated less inde-
pendent from pH (Fig. 13c), but pH-dependent Cd** removal (Fig. 13b)
took higher absolute values if absorption, which are related to the
functionality and chemistry of pollutants and absorbents’ surface

Hybrid Advances 11 (2025) 100552

functionality.

Nanotube Modular software was used to draw the nanostructure of
graphene, while Goose view software, version 5, was used to virtually
functionalize the surface of graphene and dope the polluting metals
considered in the experimental section, i.e. Cu?*, Cd?*, and Pb?* heavy
metal ions. In the computational section, which includes optimizing the
Absorption - Absorption structures, the stability of the constructed
structures was captured in order to determine the highest pollutant
absorption rate on the graphene nano Absorption as a result of surface
engineering of graphene oxides, i.e., by comparing the results of two
experimental methods and quantum mechanics computations. On the
other hand, there was a challenge of determining the ability of
computational methods to predict the amount of absorption of pollut-
ants on Absorption surfaces and eventually the thermodynamic prop-
erties of those structures. Calculations were carried out at the levels of
density functional theory (DFT) and with the basis sets g21-3 and (p,d)
g31-6 in two gas and solvent phases (the solvent used in the experiment
and calculations is water) in Gossin 09 software. It is necessary to
emphasize that for heavy metals, their appropriate base set, i.e.,
LANL2DZ, was used. The energy amounts for the compounds in the gas
phase were calculated with g21-3 basis set and the stability level for all
levels and heavy metal elements were checked according to Table 1.In
the presence of absorbents, it can be seen that the Cu?* heavy metal ions
show the highest stability than Cd*" and Pb®" heavy metal ions, obvi-
ously more than Cd?>* and Pb?*. From wastewater removal point of
view, this confirms that the Cu?" heavy metal ions should be highly
capable of undergoing surface absorption by various types of graphene
oxides compared to Cd%* and Pb%" ions whatever surface chemistry.
Moreover, the most suitable nanosheet among GO, GO-A, and GO-E
three absorbents is the ethylene diamine surface functionalized GO, i.
e. GO-E, which is clearly evident from the comparison of the values in
Table 1. This theoretical finding is in agreement with experimental in-
vestigations on absorbent. In a similar manner, the energy values for the
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Fig. 13. The variation of absorption rate for Cu?* (a), Cd** (b), and Pb** (¢) heavy metal ions as a function of pH of simulated wastewater applying 2 mg of GO, GO-

A, and GO-E absorbents at room temperature.
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Table 1

Comparison of energy used in absorption (stability) obtained based on molecular
orbital calculations between three levels and three heavy metal ions in the gas
phase with g21-3 basis set, in the solvent phase with the g21-3 base set, and in
the solvent phase with the g31-6 base set.

Hybrid Advances 11 (2025) 100552

Table 2

Comparison of the enthalpy of absorption reaction obtained based on molecular
orbital calculations between three levels and three metal ions in the gas phase
with g21-3 basis set, in the solvent phase with the g21-3 base set, and in the
solvent phase with the g31-6 base set.

Surface type Metal

(Kcal.mol™ ) Energy

Surface type Metal

(Kcal.mol™ ) Energy

Cu'? cd*? pbt? Cu'? cd*? pPb*?
Gas phase with g21-3 basis set. Gas phase with g21-3 basis set.
GO —422.640 —303.8945 —268.654527 GO —422.640 —303.8945 —268.654527
GO-A —430.8218 —320.8399 287.4874327 GO-A —430.8218 —320.8399 287.4874327
GO-E —494.2153 —330.1084 —289.27133 GO-E —494.2153 —330.1084 —289.27133
Solvent phase with the g21-3 base set. Solvent phase with the g21-3 base set.
GO —127.4306 —50.43120 —24.32102 GO —127.4306 —50.43120 —24.32102
GO-A —185.8205 —51.6272 —25.31341 GO-A —185.8205 —51.6272 —25.31341
GO-E —234.7327 —55.96914 —27.45224 GO-E —234.7327 —55.96914 —27.45224
Solvent phase with the basis set (p,d) g31-6. Solvent phase with the basis set (p,d) g31-6.
GO —146.4201 —58.3210 —38.25702 GO —146.4201 —58.3210 —38.25702
GO-A —198.4231 —62.4371 —40.2351 GO-A —198.4231 —62.4371 —40.2351
GO-E —275.64302 —72.3041 —41.3302 GO-E —275.64302 —72.3041 —41.3302

1lhartree = 627.51 kcal mol ™
AEtotal = AEMetal + Nano'(AEMetal + AENano)-

compounds in the solvent phase calculated with the g21-3 basis set are
voting for the highest stability level for all kinds of surfaces and heavy
elements was reported according to Table 1. In the presence of absor-
bents, it is observed that Cu?* serves the highest stability than other
heavy metal ions. This means that Cu>" should be more capable of being
adsorbed on the surface of various types of nanosheets than Cd** and
Pb%*. Likewise, GO-E appeared as the most suitable nanosheet adsorbent
among the three used, which is crystal clear from the comparison of the
values in Table 1. For the solvent phase analysis carried out theoretically
with the g21-3 base set, the amount of metal settling on the ethylene
diamine absorbent is the most intense taking the highest surface ab-
sorption. According to Table 1, the energy values for compounds in the
solvent phase were calculated with the basis set (p,d) g31-6 and the
stability level for all surfaces and heavy metal elements were computed.

Overall, it can be concluded that the Cu?>* heavy metal ion takes the
highest stability in terms of absorption energy in the presence of ab-
sorbents than the other heavy metals. This means that the Cu®" ion
should be highly capable of experiencing surface absorption by all kinds
of nanosheets than Cd>" and Pb?*. The most suitable nanosheet among
the three-surface engineered graphemic absorbents is the one surface
functionalized with ethylene diamine, which is GO-E with clearly higher
negative energy values compared to the GO and GO-A, evident from
Table 1. In the case of solvent phase on the bedrock of the base set (p,d)
g31-6, for the Cu?* heavy metal ions the amount of metal sitting on the
ethylene diamine functionalized absorbent (GO-E) is the highest, but
this trend is more intense for the Cu?>* heavy metal ion in the presence of
the GO-E absorbent. To have a wider image of theoretical investigation,
enthalpy and Gibbs free energy computations are frequently
recommended.

Calculation of theoretical enthalpy values in the gas and solvent
phases is reported for g21-3 basis set and for solvent phase (solvent is
same as water experimental method) with (p,d)g31-6 basis set, respec-
tively. According to Table 2, from the comparison of the gas phase re-
sults in the vicinity of GO, GO-A, and GO-E nanosheet absorbent
surfaces, it can be inferred that the interaction between ethylenediamine
from GO-E and Cu?* heavy metal ion is extremely exothermic. There-
fore, this adsorbent can easily adsorb Cu?* heavy metal ion from in-
dustrial wastewater, which agrees well with experimental analysis. By
comparing the computational results of the gas phase and the solvent
phase with the g21-3 base set, it can be concluded that the solvent phase
has a greater tendency towards the absorbent than the gas phase, and
definitely such a tendency is more with GO-E bearing ethylenediamine
on its surface. From the comparison of the results of the solvent phase for
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1lhartree = 627.51 kcal mol ™
AErotal = AEMetal + Nano'(AEMetal + AENano)~

the two basic sets g21-3 and (p,d)g31-6, again GO-E follows a signifi-
cantly exothermic reaction. Thus, Cu?>* heavy metal ion among the
phases and the set bases show better results in the solvent phase with the
(p,d)g31-6 basis set. For Cd**, according to Table 2, computations
resulted in very similar values in the gas phase and in the solvent phase
(with two basis sets g21-3 and (p,d)g31-6). This is while cu?t absorption
levels differ from each other in all phases, characteristic of the impact of
surface functionalization of GO on removal efficiency of Cu?t pollut-
ants. For the Pb?>* heavy metal ion, the highest heat of reaction has been
achieved in the gas phase with g21-3 basis set, which is comparable with
those of Cu*" and Cd?". This means that absorption is neither highly
pollutant dependent nor surface chemistry dependent in the gas phase.
On the other hand, both surface chemistry and pollutant type pose a
great influence of the enthalpy of absorption reaction in the solvent
phase either the g21-3 base set or solvent phase with the basis set (p,d)
g31-6. This finding is of elegant important in design and application of
GO-based absorbents, where the surface chemistry plays a key role in
determining both the quality and quantity of heavy metal ions’
absorption.

Calculation of Gibbs free energy in gas and solvent phases is reported
for g21-3 basis set and for solvent phase (water solvent is same as
experimental method) with (p,d) g31-6 basis set. According to Table 3,
from the comparison of the gas phase results in the vicinity of GO, GO-A,
and GO-E, one can conclude that the reaction of ethylenediamine
compound present on the surface of GO-E with cu?t heavy metal ion is
highly spontaneous (more tendency for surface absorption), therefore,
one could expect rapid and more likely absorption of Cu?" heavy metal
ion on the surface of GO-E compared to GO and GO-A. By comparing the
results of the gas phase and the solvent phase with the g21-3 base set, it
appears crystal clear that absorption is obviously both pollutant- and
adsorbent dependent, but in each phase the dependency to pollutant is
highly touchable. Moreover, although absolute values are vividly higher
in the gas phase, absorption in the solvent phase is more pollutant
dependent that the gas phase. Evidently, the theoretical values of Gibbs
free energy obtained for Cu?*, Cd**, and Pb?** obviously differ from
each other between two to three times, demonstrating higher efficiency
of absorption towards Cu?' heavy metal ions. It is also worth
mentioning that absorption tendency is stronger for ethylenediamine
functionalized GO-E adsorbent. From the comparison of the results of
the solvent phase for the two basic sets g21-3 and (p,d)g31-6, again the
result for the GO-E are remarkably notifying a spontaneous reaction.
This means that the Cu?>* heavy metal ion can be removed easily by this
series of nanosheet absorbents. The bases show better results in the
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Table 3

Comparison of the values of Gibbs free energy obtained based on molecular
orbital calculations between three levels and three metal ions in the gas phase
with g21-3 basis set, in the solvent phase with the g21-3 base set, and in the
solvent phase with the g31-6 base set.

Surface type Metal

(Kcal.mol™ ) Energy

Ccut? cd*? pbt?
Gas phase with g21-3 basis set.
GO —422.640 —303.8945 —268.654527
GO-A —430.8218 —320.8399 287.4874327
GO-E —494.2153 —330.1084 —289.27133
Solvent phase with the g21-3 base set.
GO —127.4306 —50.43120 —24.32102
GO-A —185.8205 —51.6272 —25.31341
GO-E —234.7327 —55.96914 —27.45224
Solvent phase with the basis set (p,d) g31-6.
GO —146.4201 —58.3210 —38.25702
GO-A —198.4231 —62.4371 —40.2351
GO-E —275.64302 —72.3041 —41.3302

1lhartree = 627.51 kcal mol™*
AEtotal = AEMetal + Nano'(AEMetal + AENano)-

solvent phase with the (p,d)g31-6 basis set. According to Table 3, Cd?*
tends to spontaneous absorption on all nanosheets more than Pb%*,
where again the GO-E usage leads to highly spontaneous absorption
compared to GO and GO-A in both gas and solvent phases. Overall, more
reactive sites of GO-A and GO-E compared to GO enhanced the proba-
bility of coordination of heavy metal ions under ambient temperature
with absorbents.

Since there is more than one component in the absorption process,
there should be an equilibrium and interaction between the compo-
nents. The previously discussed isotherm models were for the descrip-
tion of mono-parametric absorption systems. Hence, studying
multiparametric systems requires new absorption isotherm models to
adequately represent the absorption processes. Since multi-parametric
models were extrapolated from the mono-parametric isotherm models,
so their classification is based on the models they were extended from
Ref. [47]. Various multi-parametric absorption isotherm models are
illustrated in Table 4.

Therefore, recycling, detection and removal of these heavy metals is
important from both environmental and economic perspectives, espe-
cially in the case of toxic metals. Recently, various technologies such as
ion exchange, chemical deposition, evaporation, absorption, reverse
osmosis and electrochemistry have been used to separate heavy metal
ions. There are limitations in using these methods such as low selec-
tivity, low capacity to collect metal ions and produce other toxic com-
pounds [25-28]. Despite these shortcomings, the efficiency of these
methods is important from an economic point of view, and this effi-
ciency and their application depends on the affinity between the
adsorbent and the target pollutants. Some common heavy metals such as
cadmium, zinc and copper sources and its effect on human health are
mentioned in Table 5.

4. Conclusion

Graphene oxide (GO) has been chosen as a carbon-based adsorbent
and by functionalization of its surface a series of nanosheet absorbents
synthesized, characterized, and out in competition in absorption of
heavy metal ions from wastewater solutions. The role of surface chem-
istry of this series of absorbents for the absorption of heavy metal ions in
the form of non-covalent interactions (non-bonded and van der Waals)
as well as bonded interactions (Covalent bond) were evaluated both
experimentally and theoretically. Two amine groups, one linear amine
and the other a cyclic amine were attached to the surface of GO, which
significantly improved the absorption of heavy metal ions by the
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Table 4
Description of absorption isotherm models that are used for multi-parametric
systems.
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Absorption isotherm model

Description

Ref

Extended Langmuir multi-
parametric isotherm

Non-modified Langmuir (N-ML)
model

Modified Langmuir isotherm
(ML)

Extended selective Langmuir
isotherm (ESL)

Extended Freundlich (EF) multi-
parametric isotherm

Sheindrof — rebuhn - sheintuch
(SRS) isotherm

Non-modified Redlich - Peterson
(N-MR-P) multi-parametric
isotherms

Modified Redlich — Peterson (MR-
P) multiparametric isotherms

Extended sips (ES) mode

Ideal absorption solution theory —
sips (IASTS) model

It assumes that there is a similarity
between all the present active sites
on the adsorbent surface, and there
is equal competition between the
species present in the environment
for the same active sites.

With respect to the mono-parametric
system, the precision of the obtained
values is more when it is closer to the
species absorption capacity values.
Similarly, to the EL model, it
assumes the similarity between the
active sites and species compete
equally for the same active sites.
Since this model uses the mono-
parametric absorption parameters,
species adsorbed in multi-parametric
system is not represented adequately.
o It evaluates the ions’ unequal
competition from the adsorbent’s
active sites through incorporating
the nL constant parameters in its
formula.

nL values are obtained from the
multi-parametric absorption process
in which its characteristic for each
species.

e It assumes that part of the adsorbent
surface will be covered by each ion
of the existing ions in the mixture.
The summation of all the absorption
capacities for all the species and
multiplying it with the molar
fraction of the adsorbed species
yields the maximum absorption
capacity of the adsorbent.

e Can be applied in non-ideal systems.
Better fits of this model depend on
the heterogeneity of the absorbent
surfaces allowing various interaction
types with the existing species in the
solution.

e It is an extension of Freundlich
isotherm model.

It considers the competition between
the existing species in the absorption
system and how they affect the
absorption of each other.

It assumes that there is an
exponential distribution of site
absorption energy of each
component in the multi- parametric
system.

This extended model assumes that
there is an equal competition between
adsorbent’s active sites and the ions.

o It uses the multi-parametric compe-
tition constant (nR,i) for the evalua-
tion of unequally competitive
absorption.

Compared to competing species, the
smaller the species value, the greater
the affinity towards the adsorbent’s
active sites.

This model can only be applicable to
systems that present active sites with
heterogeneous energies.

It is applicable to absorbents with
surfaces having homogenous active
sites.

[48]

[49]

[50]

[51]

[52]

[53]

[55]

[55]
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Table 5

Sources and health effect of heavy metals [25-28].

Metals Major Sources Health effect
Cadmium  Electroplating and Harms kidney function, Gastrointestinal
Batteries disorder, Bone defects (itai-itai,
osteomalacia, osteoporosis),
Nephrotoxicity, Anemia, Anosmia,
Ulceration, Carcinogenesis effects
Cadmium  Dyes and Paint pigments //
Cadmium  Pesticide and Fertilizer //
Cadmium  Nuclear plant and Coating //
operations
Copper Mining Metal and Hemodialysis (Kidney Damage), Nausea,
Electrical manufacturing Vomiting, Bloody diarrhea, Fever,
Stomach pain, Low blood pressure,
Anemia.
Copper Agriculture and domestic //
pesticides and fungicides
Copper Finishing and Leather //
Processing
Zinc Electroplating, Smelting Effect calcification of bone Alzheimer’s
and Mining disease, Corrosive and harmful to the
mucous membranes, Adverse effect on
gastrointestinal tissue, Throat burning,
Abdominal pain and diarrhea,
Hematological changes, Anemia
Zinc Rodenticides and //
Herbicide
Zinc Dyes and Paint pigments //
Zinc Wood preservative and //
Solubilizing agents
Zinc Galvanizing and Metal //
processing

absorbent. The results also show that the ethylenediamine group on the
surface of GO-E provides a higher active surface to the pollutants in
comparison with 6-aminouracil in the GO-A. It was inferred that the
ethylenediamine amino group could better coordinate with metal ions,
such that the number of ethylenediamine substitutions on the GO sur-
face might have been vividly more comparatively. Since the Cu®>* heavy
metal ion is smaller in size and radius with respect to the Cd** and Pb%*
heavy metal ions, it could more easily provide support for surface ab-
sorption. The investigation shows that in the presence of a constant
amount of absorbent at ambient temperature and pressure the rate of
absorption was higher for Cu™? ion, as theoretically confirmed based on
enthalpy and Gibbs free energy values. Overall, the theoretical results
were in very good agreement with the experimental ones, such that Cu™?
ion were dialed in by the ethylenediamine group in GO-E, where the
reaction was highly spontaneous based on Gibbs free energy computa-
tions. Evidently, the intensity of spontaneous absorption of the absor-
bent on the absorbed surface was more obvious for the Cu*? ion in the
case of GO-E.
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