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Nanoporous Carbon@Graphene Oxide —
Mesoporous Silica Composite as an Absorbent
for the Removal of Hg (ll) from Aqueous
Solution

Lawal Abubakar’, Muhammad M. Aliyu?, Abdullahi A. Tambuwal’,
Asmau U. Sulaiman?, and Hashim Tukur?

Heavy metal, especially mercury (Hg), and agricultural waste pollution is now a
serious threat to the environment and human life because of the rapid
urbanization and industrialization. In order to handle these toxic pollutant
particles or their ions, researchers have attempted to develop several adsorbent
materials with change of shape, size, architecture, surface charges, and surface
biomolecules. With a view of enhancing the efficiency of adsorbent materials,
the present study deals with graphene oxide mesoporous silica incorporated
nanoporous carbon (NC) derived from palm kernel shell waste towards Hg (II)
adsorption. The composite material were characterized via BET specific surface
area (1020 m?/g), field emission scanning electron microscopy (FESEM), and X-
ray diffraction analysis (XRD). The NC@GO-MS composite was most suitable
for the adsorption of Hg (1) under the influences of pH, adsorbent dosage, initial
concentration and contact time. The maximum adsorption efficiency of Hg (ll)
(212.8 mg/g) was achieved at a pH 4, while Langmuir model fit the equilibrium
sorption data best and was fitted with a pseudo-second order kinetic model.
Moreover, thermodynamic studies indicated that, the enthalpy, entropy, and
Gibbs free energy values show that the adsorption is compatible with
spontaneous, favorable, and endothermic reactions. Therefore, based on the
results, the synthesized NC@GO-MS composite can serve as a promising
candidate for wastewater treatment considering its efficiency, inexpensive, and
environmentally friendly source.

Keywords:  Graphene  oxide, carbon,

characterizations, Hg (1) adsorption.

nanoporous wastewater,

worldwide (Arrifano et al 2023; Saha et al,
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The continuous release of sewage wastewater,
automobile emissions, and pollutants from
industries such as battery manufacturing and
mining is a major contributor to aquatic pollution,
which can lead to severe brain and mental health
issues (Zhou et al., 2024; Ren et al., 2023). One
of the United Nations' Sustainable Development
Goals (SDGs) aims to achieve clean water and
sanitation by 2030. This goal focuses on
improving sanitation and hygiene, treating and
reusing wastewater, maintaining water quality,
using water efficiently to address scarcity,
managing water resources effectively, and
protecting and restoring ecosystems related to
water (SDG, 2020). Among these challenges,
mercury contamination from natural and
industrial activities has emerged as a significant
environmental threat to humans and ecosystems

2023).

At normal standard, mercury is a highly
malleable liquid under temperature and pressure.
Ilts name originated fromthe Latin word
hydragyrum, which means a metal that
resembles liquid silver (HSDB, 2004). Mercury
(Hg) has an atomic number of 80 and is a silver-
white liquid at room temperature with freezing
and boiling points of -38.83 °C and 356.73 °C,
respectively (Balla, 2022). Mercury is well-known
for being a bio-accumulative heavy metal with
2220 tonnes of mercury emission and a
persistent atmospheric dangerous pollutant in the
world (Pavithra et al., 2022). The permissible
limit for mercury was determined to be 0.002
mg/L, and it is one of the ten chemicals about
which the WHO is alarmed (WHO, 2016).
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Mercury is classified into three main groups:
elemental mercury, inorganic mercury, and
organic mercury. Mercury exists in several forms:
inorganic mercury, among which There have
been the metallic mercury and mercury vapor
(Hg®) and mercurous mercury (Hg*) or mercuric
mercury (Hg**) salts; organic mercury, also
called organometallic, which results from a
covalent bond between mercury and a carbon
atom of an organic functional group such as a
methyl, ethyl, or phenyl group (Ghosh et al,
2022; Hua et al., 2020).

Mercury is now considered an environmental
pollutant of high risk to public health because of
its high toxicity and mobility in ecosystems, which
can be released into the environment and stayed
for a long period of time (Shahid et al., 2020).
Human activities have been reported to have
exacerbated the atmospheric mercury
contamination of water, resulting in the
absorption of organisms along the food chain,
which primarily occurs through anthropogenic
and natural sources (Chakraborty et al., 2022;
Buch et al., 2017).

The toxicity of mercury, which includes elemental
Hg, particle bound Hg, and gaseous divalent
cation Hg2* (the most bioavailable mercury), is
primarily  determined by its chemical
transformation when inorganic mercury combines
with carbon to form the most toxic methyl
mercury (MeHg) (Alalwan et al., 2020; Carolin et
al., 2017). According to the World Health
Organization, mercury has contributed to a
variety of toxic effects in the immune, digestive,
and nervous systems, depending on the form
and variation of mercury and the rate of exposure
(WHO, 2019).

Various materials and methods have been
developed to remove mercury ions, including
chemical precipitation, ion exchange,
electrochemical treatment, reverse osmosis, and
adsorption (Efome et al., 2018). Furthermore,
many recent different removal technologies have
been used to remove mercury from water or
wastewater, which includes, chemical hydrogel
(Diacon et al, 2024; Jaques et al, 2024;
Ebrahimpour and Kazemi, 2023; Cheng et al.,
2022; Lei et al, 2021), membrane separation
(Rahimi et al., 2024; Cao et al., 2023; Gosh et
al., 2022; Albatrni et al., 2021; Castelletto and
Boretti, 2021; Hua et al., 2020), electrodialysis
(Kabir et al., 2024; Cerrillo-Gonzalez et al., 2023;
Juve et al, 2022; Sun et al, 2020),
photocatalysis (Qi et al., 2024; Gaggero et al.,
2023; Ji et al., 2021), layered double hydroxide
(Tong et al., 2024; Xu et al., 2024; Bi et al., 2022)
and adsorption. Among these, adsorption has
been widely recognized as one of the simplest
and most effective ways to remove heavy metal
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ions from water (Zheng et al., 2025; Georgin et
al., 2024).

Various materials have been used as adsorbents
over time. While most adsorbents possess
specific characteristics like a large surface area,
customizable surface functional groups, easy
regeneration, environmental safety, and
biodegradability, combining these features in a
composite material through controlled design can
make the material more durable and effective for
mercury adsorption. This research is important
as it aims to develop alternative composite
materials that are fast, robust, efficient, and
selective  for removing  mercury  from
contaminated water. Additionally, it seeks to
provide a deeper understanding of the adsorption
and desorption processes, paving the way for
creating more durable adsorbent materials. This
study used palm kernel shells to produce
nanoporous carbon with H3PO4, an eco-friendly,
affordable, and widely available material. It also
explored whether combining the modified
nanoporous carbon with a graphene oxide-
mesoporous silica composite could enhance the
removal of Hg (ll) from water using a batch
adsorption method.

2. Materials and Methods

21 Materials

Nanoporous carbon from palm kernel shell, 1000
mg/L of the standard of Hg(NOs): (Sigma-
Aldrich), Sodium hydroxide (Fluka),
Tetraethylorthosilicate (TEOS) (R&M Chemicals),
Ammonium nitrate (Merck), Ethanol (Sigma-
Aldrich), Hexadecyltrimethylammonium bromide
(CTAB) (R&M Chemicals) and Graphene oxide
(GO) (R&M Chemicals). All chemicals were used
as received without any further purification. For
solution preparation, deionized water was used
throughout this study.

2.2 Synthesis of hanoporous
carbon@graphene oxide mesoporous silica
composite

With some modifications, Graphene oxide -
mesoporous silica (GO-MS) was prepared using
the method described in the literature (Patil et al.,
2024 and Kaya et al., 2024). CTAB was used as
the agent of pore-foaming. CTAB (1.0 g) and
NaOH (40 mg) were treated ultrasonically in a
typical experiment until the mixture became
transparent. Nanoporous carbon (2 g) prepared
from palm kernel shell by impregnating with
different ratio/percentage of 100%, 10%, 20%,
30% and 40% (w/v) phosphoric acid/palm kernel
shell (HsPO4/PKS), mixed, stirred for 24 hr and
oven dried at 120°C for 24 hrs. The impregnated
PKS sample (20 g) was thermally activated using
an electrical tubular furnace in one step
activation method for a predetermined time at
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500°C with a 20 mL min-' N2 gas flow for 1hr,
was added shortly for few minutes afterward, and
graphene oxide (30 mg) was also added shortly
afterward to be treated ultrasonically for 3 hours.
TEOS (1.0 mL) was added slowly and subjected
to magnetic agitation at 40.0 °C for 2 hours, and
the mixture was stirred for 12 hours. The
resulting product was then centrifuged and
washed with warm ethanol. The obtained
NC@GO-MS composite containing CTAB was
not calcined to remove the surfactant but was
instead washed continuously by heating under
reflux at 65.0 °C with a mixture of absolute ethyl
alcohol and ammonium nitrate.

2.3 Sample characterization

The surface morphology of the synthesized
composite material was investigated using
scanning electron microscopy (FESEM) (JEOL,
JSM6400) and the attenuated total reflection
method in the scanned range of 400 to 4000 cm-
. The nitrogen adsorption—desorption isotherm
in an autosorb surface area and porosity
analyzer (Quantachrome, Boynton Beach, FL,
USA), was used to quantify the composite
specific surface area, pore size distribution, and
pore volume. The NC@GO-MS were degassed
at 290 °C for 6 hours under vacuum before the
investigations, and the BET and BJH (Barret-
Joyner-Halenda) equations were used to
calculate the specific surface area and pore size
distribution of the sample material, respectively.
A typical X-Ray diffraction procedure includes a
light source, the sample, and the detector to
record the diffracted X-Rays. Diffraction from a
known lattice plane was observed at room
temperature by varying the wavelength or Braggs
angle 6, with patterns ranging from 20 to 80
degrees theta.

24 Batch adsorption set-up

The metal removal efficacy of the prepared
adsorbents was evaluated through batch
adsorption experiments. In a typical experiment,
a known mass of the adsorbent was added to a
series of 250 mL Erlenmeyer flasks containing
100 mg/L Hg (ll) solution, in which 2 hr were
spent shaking the flasks at 160 rpm at room
temperature. At a required interval of time, a
certain portion was taken and the concentration
of Hg (ll) ions was determined using mercury
analyzer (MA — 3Solo Mercury Analyzer).
However, percentage removal (%) and amount of
Hg (Il) ions adsorbed (g, ) was given in equation
1 and 2 respectively.

€y —Cx

Removal (04) =
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Where Co and Ce represent the initial and
equilibrium concentrations (mg/L), V is the
volume of solution used, and M is the weight of
adsorbent (g). All adsorption experiments were
performed in triplicate to adsorption stability.

2.5 pH optimization

The initial solution Hg (ll) pH for adsorption was
optimized by adjusting the pH solution with 0.1M
NaOH or HCI using a pH meter. The experiment
was carried out in a 100 ml solution of Hg?* with
a concentration of 10 mg/L and an adsorbent
dosage of 0.1g, with all other parameters
maintained constant.

2.6 Adsorbent dosage optimization

The adsorbent dosages were varied from 0.1 to
0.5 g while all other parameters remained
constant: a 100 mL solution of each metal ion at
a concentration of 10 mg/L, a contact time of 2
hours, and a pH of 4.

2.7 Adsorption isotherms

The concentrations of mercury ions in a 100 mL
solution were varied to 10, 20, 30, 40, and 50
mg/L. At pH 4 and adsorbent dosage of 0.3 g
while other parameters remained constant The
Langmuir and Freundlich isotherms are two
isotherm models used to describe the adsorption
characteristics of adsorbents. Using these two
adsorption isotherms, the interaction between the
equilibrium concentration and the adsorbate was
investigated. The separation coefficient (RL) was
used, on the other hand, to determine whether
the adsorption process was favorable,
unfavorable, linear, or irreversible (Jena et al.,
2023; Fu et al., 2023).

2.8 Adsorption kinetics

The contact time for Hg (Il) ion solution
adsorption varies between 15, 30, 60, 90, and
120 minutes. The experiment, however, was
conducted at pH 4 and 25 °C with an initial
concentration of Hg (ll) ion of 30 mg/L.
Adsorption kinetics can be calculated using the
pseudo-first-order rate equation and pseudo-
second-order kinetic model and its presented in
equation 3 and 4.

lﬂ{rl'p - fi'r] =Ing, —kt

Where q. denote adsorption equilibrium of Hg (ll)
(mg/g), q: is adsorption of Hg (Il) at time ¢, and k
is the rate constant that can be determined by
obtaining the slope by plotting In(qe — q1) versus t
(min").

r 1 r

E = oo + ; ............................ (4)
Where, t denote Hg (IlI) ion adsorbed at time ¢
(min), g: and ge represent the amount of metal
ion adsorbed at respective time t and equilibrium
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(mg/g). Moreover, k» denote rate constant of
second-order adsorption (g/mg min) (Wu and Ge,
2024; Rind et al., 2023).

29 Adsorption thermodynamics

The thermodynamic study was carried out by
immersing Erlenmeyer flasks in a water bath at
temperatures ranging from 25 to 50° C,
respectively. The experiment was then carried
out at pH 4, and the mixture was shaken for 2
hours with an initial concentration of Hg (ll) ion of
30 mg/L. The universal gas constant, R, was
used to calculate vital thermodynamic
parameters such as enthalpy AH, entropy AS,
and Gibbs free energies AG. These finding of the
studies were calculated by equation 5 and 6.

AG = —RTInKs oo (5)
— L& A
InK; = ——+ T (6)
Where Ky denotes adsorption equilibrium
constant, R denotes universal gas constant

(KJ/mol K), and T denotes temperature (Kelvin).
Furthermore, slope and intercept values of AH
and AS were calculated by plotting In Ky against
1/T, respectively (Abubakar et al., 2023; Khazaei
et al., 2018).

3. Results and Discussion

The textural properties (nitrogen adsorption—
desorption isotherms surface area, pore size and
pore volume) of NC@GO-MS composite is
shown in Table 1.

Table 1. Textural properties of NC@GO-MS
composite

Sample BET Average Average
surface  pore pore
area volume size (nm)
(m?/g) (cm®/g)

NC@GO- 1020 0.787 3.670

MS

The porosity and surface area in composite
materials are caused by irregular voids that might
be macropores > 50 nm, mesopores 2-50 nm, or
even micropores 2 nm in diameter (Lawal et al.,
2024). The surface and porosity (average
nitrogen adsorption—desorption isotherms) of
NC@GO-MS composite is shown in Figure 1. It
was being observed that the BET surface area of
NC@GO-MS (1020 m#/g), average pore volume
(0.787 cmd/g) and average pore size (3.670 nm),
but, though its Type IV with H3 hysteresis loop
(Figure 1) nitrogen adsorption-desorption
isotherm, which is consistent with the capillary
condensation in the mesoporous materials (Liou
et al., 2021; Majoudi et al., 2019).
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Fig. 1. Isotherms of N2 adsorption — desorption
and pore size distribution of NC@GO-MS

The particle morphology, which is described as
micro- or macroporous, is an important
characterization related to the adsorption
capability of NC@GO-MS. Fig. 2 shows an
electron micrograph of the structural morphology
of the NC@GO-MS. The composite have a
spherical shape, structures, regular and
homogeneously covered with precursor which
contains well-developed pores where there is the
possibility of adsorption of Hg (ll) into the surface
of the pores and hence enhances the removal of
mercury ion from solution (Shen et al., 2021;
Majoudi et al., 2019).

lpm  EMUBM

7/14/2022
5.0kV SEI SEM WD 4.4mm 3:55:45

Fig. 2. Fesem orphology of NC@GO-MS

X-ray diffraction was used to examine the phase
structure of the carbonized materials (i.e
crystalline or armophous) and were shown in
Figure 3. After HsPO4 treatment, the NC@GO-
MS composite exhibited a broad diffraction peak
at 26 = 20-30° corresponding to diffraction (002)
attributable to carbon sheets oriented in a
random manner, indicating that the graphite has
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been fully expanded and successfully oxidized
into graphite oxide (Vi et al., 2018), whereas the
weak and broad diffraction peak at 40-50°
corresponding to diffraction (100) is only fairly
pronounced for carbonized materials at a
temperature of 500° C, indicating graphite
content, similar to the previous literature reported
(Bagbi and Solanki, 2023; Pam et al., 2021).
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Fig. 3. XRD spectrum of NC@GO-MS composite

31 Hg (Il) ion adsorption studies of
NC@GO-MS composite

The effectiveness of the created adsorbents in
removing metal was assessed using batch
adsorption  experiments. In a standard
experiment, we placed a measured amount of a
substance that can capture other substances
(adsorbent) into a set of 250 mL flasks. These
flasks contained a solution with 100 mg/L of Hg
(I) ions solution. We then shook these flasks
vigorously at room temperature for a duration of
2 hours. At specific time intervals, we collected
samples from the flasks, and we measured the
concentration of Hg (Il) ions in these samples
using a specialized instrument called the MA-
3Solo Mercury Analyzer. The effects of other
variables such as adsorbent dose, contact time,
initial ion solution concentration, and reaction
temperature on the adsorption of Hg (ll) from
aqueous solution were then investigated.

3.2 Effect of pH

The pH value has a clear impact on how well
carbon-based adsorbents work because it affects
the concentration of H* ions in water. Since ion
exchange and electrostatic interactions depend
on H* concentration, changes in pH can greatly
influence the adsorption process (Duan et al.,
2020). The effect of pH on the adsorption of Hg
(I ion onto NC@GO-MS composite were shown
in Figure 4. The pH value range was 2 to 6 and
with increasing pH value from 2 - 4, the overall
adsorption increases from 48.6 mg/g to 95.9
mg/g. At pH 4, the study revealed appreciable
adsorption efficiency as a result of availability of
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negative active site (Mashhadi et al., 2016).
Conversely, when the pH value is above 4, the
adsorption of Hg (Il) ion started to decrease due
to interaction between the Hg (Il) and proton ion
to bind with the OH group leading to the
formation of hydroxides of mercury (Liu et al.,
2020). In this study, pH 4 was chosen as the
optimum pH toward the adsorption of Hg (ll) ion
and the remaining batch studies.

100
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(=]
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1

[=2]
o
1

Adsorption efficiency (mg/g)
3 3

)—-—Adsorption efficiency
2 3 4 5 6
pH

Y
S

Fig. 4. Effect of pH on Hg (llI) ion adsorption
efficiency of NC@GO-MS composite

3.3 Effect of absorbent dosage

At an optimal pH of 4, the amount of NC@GO-
MS used was varied between 0.1 g and 0.5 g in
a 100 mL solution containing 10 mg/L of Hg (Il)
ions. As shown in Figure 5, the removal
efficiency of Hg (ll) ions increased as the
adsorbent dosage increased, reaching over 89%
at 0.1 g and 99% at 0.5 g. This is because a
higher dosage provides more adsorption sites
and surface area due to the composites structure
of the carbon. However, as the adsorbent
dosage increased, the amount of Hg (ll) ions
adsorbed per gram of material decreased from
89 mg/g to 19.8 mg/g. This reduction occurs
because the excess active sites lead to lower
mixing efficiency and interfere with the mass
transfer process, reducing the adsorption
capacity per unit mass (Aliprandini et al., 2020).
When more than 0.3 g was used, the amount of
Hg (II) captured per gram of the adsorbent did
not increase significantly. So, 0.3 g of the
NC@GO-MS composite was chosen as the
optimal amount. It achieved an impressive 97.6%
removal rate, with 32.5 mg of Hg (ll) adsorbed
per gram of the composite.
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Fig. 5. Effect of adsorbent dose on Hg (Il) ion on
adsorption efficiency and removal percentage of
NC@GO-MS composite

3.4 Effect of Hg (ll) ion concentration

The effect of Hg (II) concentration on mercury
adsorption was studied by varying the initial
concentration from 10 to 50 mg/L in a 100 mL
solution. As shown in Figure 6, the experiment
was conducted using 0.3 g of adsorbent, with a
contact time of 120 minutes, at 25°C, and a pH
of 4. The results showed that over 96% of the
mercury ions were removed when the initial
concentration was low (10 mg/L). This high
removal efficiency was due to the lower solute
concentration, which meant that the ratio of
mercury ions to the available adsorbent surface
area was also low (Algadami et al, 2017).
Therefore, the adsorption efficiency of Hg (ll) ion
increased from 32 to 147.8 mg/g with the
increase of initial concentration of Hg (II) ion.
This is because as the solution concentration
increase, the adsorbent exploited the binding
sites to a greater extent, hence increasing the
adsorption efficiency (Kenawy et al., 2018; Aliyu
et al., 2022b).
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Fig. 6. Effect of initial concentration on Hg (ll) ion
adsorption efficiency and removal percentage of
NC@GO-MS composite
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3.5 Effect of contact time

The study was conducted at various contact
times; 15, 30, 60, 90 and 120 minutes under the
parameters previously optimized. As shown in
Figure 7, the Hg (Il) ions exhibited a greater
adsorption rate on NC@GO-MS composite in the
first 15 minutes and raised within 120 minutes;
the amount of Hg (ll) ions absorbed (ge, mg/g)
was 41.9 and 48 mg/g respectively. The
composite surface had a large concentration of
free active sites, hence the initial adsorption rate
was very high (Goswami et al., 2022; Nyirenda et
al., 2022).
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Fig. 7. Effect of contact time on Hg (ll) ion
adsorption efficiency and removal percentage of
NC@GO-MS composite

(=]

3.6 Adsorption isotherm studies

To understand how metal ions interact with the
adsorbent, an adsorption isotherm was crucial. It
helps explain how molecules are distributed
between the solid and liquid phases at
equilibrium and determines the maximum
adsorption capacity. The adsorption capacity of
the NC@GO-MS composite for Hg (ll) was
evaluated by analyzing the data using the
Langmuir and Freundlich isotherm models (Aliyu
et al., 2022a; Sadegh et al., 2017).
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Fig. 8. Langmuir (a) and Freundlich (b) model isotherms for Hg (ll) adsorption on NC@GO-MS

composite

Table 2. Parameter of the Langmuir and Freundlich isotherm model parameters for Hg (Il) adsorption

by NC@GO-MS composite

Langmuir isotherm

Freundlich isotherm

Maximum Langmuir Correlation Freundlich Freundlich Correlation
adsorption constant, KL  coefficient, constant, Kg constant, n coefficient,
capacity, (L/mg) R? (mg/g) R?
(mg/g)
212.8 0.226 0.9918 4.825 1.673 0.9866

The evaluation was based on the greatest value 3.7 Adsorption kinetic studies

of the regression plot (R?) obtained from initial
concentration effect data. In this study, R? values
obtained by linear fitting for the Langmuir and
Freundlich models were 0.9918 and 0.9866 for
NC@GO-MS composite, as depicted in Figure 8
and Table 2. The adsorption isotherm model of
Hg (Il) followed the Langmuir model as its
correlation coefficient (R?) value is higher than
that of the Freundlich correlation coefficient
value. The adsorption mechanism of NC@GO-
MS composite to Hg (ll) shows that the active
adsorbent sites are dispersed equally over the
surface and that mercury ions are adsorbed onto
the surface (Tran, 2025; Khoo et al., 2021).

The adsorption kinetics of Hg (II) onto the
NC@GO-MS composite were analyzed using
pseudo-first-order and pseudo-second-order
models, as shown in Figure 9. The correlation
coefficients (R?) for these models were 0.8713
and 0.9999, respectively. This indicates that the
pseudo-second-order model provided a better fit,
suggesting that chemisorption played a key role
in the adsorption process (Li et al., 2023; Issa et
al., 2022). Additionally, the kinetic parameters for
both models are summarized in Table 3.

Table 3. Parameter of the Pseudo-first kinetic and Pseudo-second order model for Hg (II) adsorption

by NC@GO-MS composite

Kinetic models ge experimental ge calculated Correlation
(mg/g) (mg/g) coefficient R?

Pseudo-first order 48.04 7.464 0.8713

Pseudo-second order 48.04 49.02 0.9999

CaJoST, 2025, 2, 241-253
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Fig. 9. (a) Pseudo-first order model (b) Pseudo-second order model for Hg (ll) adsorption on
NC@GO-MS composite
644 mg/g and 95.6% to 96.6% as the
3.8 Adsorption thermodynamic studies temperature rose from 25°C to 35°C. However, a
significant increase was observed, reaching
Figure 10a shows how temperature affects the —around 65 mg/g and 98%, as the temperature
adsorption and removal of Hg (Il) by the rose further from 40°C to 50°C.
NC@GO-MS composite. The results indicate
that adsorption capacity (mg/g) and removal
percentage (%) increased slightly from 63.7 to

Table 4. Parameter of thermodynamic studies for Hg (ll) adsorption NC@GO-MS composite

Temperature K AS (KJ/mol K) AH (KJ/mol) AG (KJ/mol)

298 -4.59

303 -4.80

308 66.47 15.36 -4.99

313 -5.15

323 -6.39

65.2
Adsorption efficiency (a) 24 (b)
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Fig. 10. Effect of temperature for Hg (ll) adsorption (a) and Van't Hoff plot used to calculate the
activation energy for Hg (II) adsorption (b) on NC@GO-MS composite

AH, and entropy AS linked with the Hg (Il)

) o adsorption  mechanism toward NC@GO-MS
Figure 10b highlighted the Van’t Hoff plot used to composite. Moreover, the computed AG, AH and AS
estimate the change of free of energy AG, enthalpy 516 shown in Table 4 above, signifying negative
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value of AG with increasing temperature, indicating
the adsorption mechanism of the absorbent is
spontaneous process as a result of constant mobility
increment and diffusion of ions into its pores. The
positive enthalpy AH and entropy AS values implied
that NC@GO-MS composite adsorption towards Hg
() is an endothermic reaction and that the
probability of favourable adsorption mechanism and
randomly increases, displaying a strong affinity
between Hg(ll) and the absorbate (Abubakar et al.,
2023b; Sharma et al., 2023).

4, Conclusion

In conclusion, a nanoporous carbon@graphene
oxide mesoporous silica composite for the uptake of
Hg (ll) from aqueous solution was successfully
synthesized. The NC@GO-MS composite was most
suitable for the adsorption of Hg (ll) under the
influences of pH, adsorbent dosage, initial
concentration and contact time. In this study, at pH
4, NC@GO-MS composite had a maximum
adsorption capacity of 212.8 mg/g towards Hg (Il).
The adsorption isotherm was well integrated with the
Langmuir isotherm model, and the kinetic study was
based on the pseudo second-order reaction.
Furthermore, the adsorption mechanism fit well with
spontaneous and endothermic reactions because it
had negative free energy, AG°, and positive
enthalpy and entropy values. Finally, the
synthesized NC@GO-MS composite have shown
promise as selective adsorbents of Hg (ll) in polluted
environments.
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