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Abstract: To address the harmful pollutants found in
heavy metals and agricultural waste, researchers have
worked on creating various materials that can capture
these pollutants. They have experimented with altering
the shape, size, structure, surface properties, and bioactive
components of these materials. This study aims to improve
the effectiveness of materials used for adsorption, focusing on
the combination of cobalt spinal ferrite (CoFe,0,) and nano-
porous carbon (NC) obtained from discarded palm kernel
shells with the aim of Hg(u) removal. The composite formed
by the hydrothermal method was characterized thoroughly
with morphological, structural, functional, pore sizes, thermal
analysis, and magnetization analysis. Adsorption experiments
were conducted under optimal conditions with a mass of 0.3 g,

* Corresponding author: Nor Azah Yusof, Chemistry Department,
Faculty of Science, Universiti Putra Malaysia, 43400 Serdang, Selangor,
Malaysia; Institute of Nanoscience and Nanotechnology, Universiti
Putra Malaysia, 43400 Serdang, Selangor, Malaysia,

e-mail: azahy@upm.edu.my

* Corresponding author: Faruq Mohammad, Department of
Chemistry, College of Science, King Saud University, Riyadh 11451, Saudi
Arabia, e-mail: fmohammad@ksu.edu.sa, tel: +966 (0)11 467 5998
Lawal Abubakar: Chemistry Department, Faculty of Science, Universiti
Putra Malaysia, 43400 Serdang, Selangor, Malaysia; Department of
Chemistry, Shehu Shagari College of Education Sokoto, Sokoto, Nigeria
Abdul Halim Abdullah: Chemistry Department, Faculty of Science,
Universiti Putra Malaysia, 43400 Serdang, Selangor, Malaysia; Institute of
Nanoscience and Nanotechnology, Universiti Putra Malaysia, 43400
Serdang, Selangor, Malaysia

Mohd Hanif Wahid: Chemistry Department, Faculty of Science,
Universiti Putra Malaysia, 43400 Serdang, Selangor, Malaysia

Siti Fatimah Abd Rahman: School of Electrical and Electronic
Engineering, Engineering Campus, Universiti Sains Malaysia, 14300
Nibong Tebal, Pulau Pinang, Malaysia

Hamad A. Al-Lohedan: Department of Chemistry, College of Science,
King Saud University, Riyadh 11451, Saudi Arabia

Ahmed A. Soleiman: College of Sciences and Engineering, Southern
University, Baton Rouge, Louisiana 70813, USA

a concentration of 30 mg-L™" of Hg(m), and a pH of 3. The aim
was to adsorb Hg(n) ions from aqueous solutions. The analysis
of kinetic studies using the Freundlich model revealed that it
provided the most accurate fit for the adsorption isotherm.
This model indicated a maximum Hg() adsorption efficiency
of 232.56 mg.g". Additionally, the thermodynamic measure-
ments indicate that the adsorption is a spontaneous, favorable,
and endothermic process. Likewise, we assessed how well
the NC@CoFe,0, nanocomposite could absorb Hg(m) ions in
actual condensate samples from the oil and gas industry. The
results demonstrated a 93% recovery rate for Hg(u) ions in
wastewater. According to the findings, the NC@CoFe,0, nano-
composite synthesized appears to be a strong contender for
wastewater treatment and, at the same time, the prepared
nanocomposite’s effectiveness, affordability, and non-toxic
nature support the potential applications.

Keywords: nanoporous carbon, CoFe,03;, magnetite nano-
particles, Hg(um) adsorption, thermodynamics, wastewater
treatment

1 Introduction

The recent increase in industrialization has rapidly pol-
Iuted the soil, water, and environment and therefore the
United Nations (UN) sustainable development has set the
goal of clean water and sanitation by 2030. This includes
cleanliness and sanitation, wastewater treatment, water
quality, water scarcity, unified water resources adminis-
tration, and preserving and reinstating aquatic ecosystems
[1]. Rapid urbanization and industrialization, especially in
developing nations, pose a significant threat to the envir-
onment and human health due to heavy metal pollution.
This is particularly concerning as polluted water bodies,
which are a primary source of drinking water for many
people, are heavily affected [2-4]. Metals like mercury,
lead, zinc, arsenic, nickel, manganese, copper, cadmium,
and chromium can cause cancer and are harmful
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substances [5,6]. They are emitted into the environment,
particularly bodies of water, by various substances, including
dyes, fertilizers, pesticides, and industrial products, contri-
buting to water pollution, originating from both natural
and human-made sources.

Mercury, specifically in its ionized form (Hg), is now
recognized as a significant environmental threat to public
health due to its extreme toxicity, both in immediate and
prolonged exposure. Its ability to move through ecosys-
tems poses a serious risk to the central nervous system,
kidneys, lungs, and reproductive system. Thus, its debris
could be found in the human body due to gastrointestinal
absorption, skin contact, or pulmonary inhalation [7-9].
Hg(u) exposure can occur from natural and artificial sources
and is released into bodies of water when no additional treat-
ment is subjected to the polluted water [10,11]. However,
combating pollution at its source and treating wastewater
protects the public health environment, reduces the cost of
pollution, and improves the water resource availability, in
addition to recovering vital nutrients and water resources,
as there is a need for modern techniques to overcome the risk
of untreated wastewater containing Hg(u) [12]. Due to fast
urban growth and increased industrial activity, the environ-
ment faces a serious problem from harmful substances like
metals that are heavy and colored dyes. This is a major worry
in poorer nations, where dirty water sources play a big role in
providing drinking water to the population. For example,
Nodehi and colleagues developed F30,@NiO core—shell mag-
netic nanoparticles (NPs) to effectively eliminate alizarin red
S dye from polluted wastewater [13], Congo red [14], anionic

Table 1: Magnetite NPs for Hg(1) adsorption/removal
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methyl orange [15], and cationic dyes [16]. However, NiFe,0,
and NiFe,04/HNTs/GQD magnetic NPs were found to be
effective for removing Cd(u) from water as a unique adsor-
bent [17,18].

To date, different kinds of materials have been applied
as adsorbents, including polymers, nanocomposites, acti-
vated carbons, clays, graphene materials, and metal oxides
like Al,05, TiO,, and SiO, [19]. Recently, magnetite NPs
have sparked a lot of interest due to their unique phy-
sico-chemical properties, particularly strong magnetic
quality, unique electrical characteristics, a spacious sur-
face, and are very effective at absorbing substances. Due
to their magnetic properties, magnetite NPs can be effort-
lessly extracted from water using a magnet. Additionally,
the surface can be readily modified with different compo-
site materials [20-22]. The magnetite NP materials are
especially motivating for use in separating and removing
mercury(n) due to their inspiring properties [23,24]. As
shown in Table 1, many researchers used different mag-
netite NPs for Hg(u) removal and selectivity.

Cobalt spinel ferrites, also known as CoFe,0,4, have
gained significant attention from researchers due to their
remarkable properties, including strong directionality in
magnetism, high resistance to demagnetization, decent
magnetic strength, and reliable stability under elevated
temperatures. These attributes make them useful in a
wide range of technological applications, including sen-
sors, data storage devices, magnetic cards, solar panels,
drug delivery systems, medical equipment, catalytic pro-
cesses, and biotechnology [42-44]. Changing the coating

Magnetite NPs Adsorption/removal Temperature (°C) Reference
y-Fe,05 140 mg-g™" 30 [25]
Polyrhodanine-coated y-Fe,05 179 mg-g”~' 30 [25]
Fe;0,@5i0, 98% [26]
MPTS-CNTs/Fe30,4 65.52 mg~g’1 25 [27]
Fe,05-Al,05 63.69mg-g”’ [28]
Fe;0,-GS 23.03mg-g”" [29]
Water-soluble Fe30,4 99% 25 [30]
Fe;0,@C 83.1mg-g” 311
EDTA-Fe30, 203 mg-g”" 25 [32]
Fe30,@5i0,-SH 132mg-g™’ 25 [33]
NanoFe;0,@Nano-SiO, 100 umol~g’1 [34]
Fe30.4/poly(C3N5Ss) 344.8 mg-g”' 25 [35]
rGO-PDTC/Fe;0, 181.82mg-g™" 25 [36]
rGO-poly(C3N3S3)/Fe304 400 mg-g’1 25 [37]
CNTs-SH@Fe;0, 1724 mg-g™" 25 [38]
Ggh-g-PACM/Fe;0, 213.8mg-g”" 30 [39]
Fe,0;@Si0,@SH 98% [40]
Pec-g-PHEAA/Fes0,4 240.2 mgw_:]’1 [41]
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can make CoFe,0, particles disperse better and remain
stable in water. However, to enhance the ability of CoFe,0,
to adsorb Hg(n), surface chemical modifications through
grafting need to be carried out. Additionally, further embel-
lishments are required to improve the overall performance
of CoFe,04 in capturing Hg(u) ions [45]. The interaction
between cobalt spinel ferrites and mercury (Hg) adsorption
is influenced by both surface interactions and magnetic
properties, i.e., Hg(m) adsorption onto cobalt spinel ferrites
involves chemical bonding, surface interactions, and poten-
tial ion exchange, all influenced by the properties of the
ferrite and the solution.

Research in this area continues to explore the optimi-
zation of cobalt spinal ferrites for effective and efficient
Hg(u) removal from various aqueous systems, particularly
in the context of water purification and environmental
remediation. Therefore, many researchers used a grafting
modification to enhance the Hg(u) adsorption efficiency.
For example, Zhang et al. synthesized CoFe,04—rGO for
Hg(u) removal in wastewater and their sorption efficiency
was 157.9 mg-g~! [46]. Wang et al. prepared CoFe,0,@ SiO,
and achieved an adsorption efficiency of 149.3 mg-g ' on Hg
() [47] and Xia et al. synthesized CoFe,0,@ SiO,—~EDTA
using a hydrothermal method. The results revealed that
the composite material achieved a maximum adsorption
efficiency 0f 103.3 mg-g ™ for removing Hg(u) ions [48]. Other
cobalt spinal ferrite composites involved in Hg() removal
includes CoFe,0,@Si0,-SH [49], CoFe,0,@Si0,@m-Si0,-SH/
NH, [50], SH-mSiO,@CoFe,0, [21], CoFe,0,@SiO,-Ppy [45],
and Py-CoFe,0,@Si0,@KCC-1 [44].

This study utilized nanoporous carbon (NC) derived
from discarded palm kernel shells to coat a nanocomposite
of CoFe;04. This coated material has the potential for
removing mercury (Hg(m), aiming to address the environ-
mental risks associated with both heavy metal pollution
and agricultural waste. Since the NC is a carbon-rich mate-
rial with a solid, disordered structure, it can be altered to
have high porosity and contains various oxygen-related
functional groups like carboxylic acids, phenols, carbonyls,
and lactones. These characteristics make it suitable for dif-
ferent applications involving adsorbents. While CoFe,0,4
nanocomposite likely contributes to the composite’s magnetic
properties, facilitating separation from the treated water. This
nanocomposite could serve as an efficient and environmen-
tally friendly solution for addressing mercury pollution in
water systems [51,52]. The synthesized NC@CoFe,0, nano-
composite was characterized for its surface area (nitrogen
adsorption—desorption isotherm), structure (crystalline or
amorphous), morphology, thermal stability, magnetization,
and functional group(s) prior to be applied for the elimination
of Hg(u) ions from a water-based solution. Finally, adsorptive
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parameters, real application, and adsorption mechanisms
were also added to the studies.

2 Materials and methods

2.1 Materials, chemicals, and reagents

Palm kernel shell (NC), iron nitrate (Fe(NO3),-9H,0, 99%),
cobalt nitrate (Co(NOs3),'6H,0, 99%), polyethylene glycol
400 (99%), sodium dodecyl sulfate (99%), and ammonia
solution were purchased from R&M Chemicals (25%). All
chemicals were utilized in their original state without addi-
tional purification. Deionized water was employed exclu-
sively for the preparation of solutions in this study.

2.2 Synthesis of NC@CoFe,0,
nanocomposite

The hydrothermal synthesis procedure for the NC@CoFe,0,
nanocomposite (Figure 1) consisted of dissolving 6.1g of Fe
(NO3),9H,0 and 4.2 g of Co(NO3),-6H,0 in 20 mL of deionized
water. Afterward, 5 mL of ammonia solution was added to
the mixture. The mixture was stirred for 30 min. Later, var-
ious surfactants were added and stirred for an hour again at
35°C to avoid particle precipitation, and pH was adjusted to
10-12. The NC (2g) was added shortly afterward and the
mixture was treated ultrasonically for 2h and later stirred
for 12h. The end product was moved into an autoclave and
heated to 180°C for a duration of 24 h. Afterward, it was spun
in a centrifuge and rinsed with both water and ethanol.
Finally, the product was dried under vacuum conditions
at 70°C overnight to achieve the nanocomposite synthesis.

2.3 Batch adsorption experiments

The effectiveness of the prepared adsorbents in removing
metals was assessed using batch adsorption experiments.
In a standard experiment, a measured amount of the sub-
stance that can capture other substances (adsorbent) was
placed into a set of 250 mL flasks. These flasks contained a
solution with 100 mg-L ™ Hg(n) ions. The flasks were shaken
vigorously at room temperature for a duration of 2h. At
specific time intervals, the samples were collected from the
flasks, and the concentration of Hg(u) ions in these samples
was measured using a MA-3Solo Mercury Analyzer, a spe-
cialized instrument.
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Figure 1: Schematic of the synthesis of the NC@CoFe,04 nanocomposite starting from Co(NOs), and Fe(NOs),, followed by the addition of surfactant,

NG, as well as autoclave, centrifugation, washing, and drying at 70°C.

3 Results and discussion

3.1 Characterization

Table 2 shows a comparison of the textural properties, such
as nitrogen adsorption—desorption isotherms, surface area,
pore size, and pore volume, between the NC and NC@CoFe,0,4
nanocomposite.

From the comparison of Brunauer-Emmett-Teller
(BET)-specific surface area values provided in Table 2,
the NC@CoFe,04 has an increased value as against the
pure NC and is linked to the introduction of CoFe,04 NPs
onto the NC. At the same time, the NC@CoFe,0, nano-
composite has slightly lesser average pore volume and
pore sizes as compared to pure NC and thereby pro-
viding a hint that the addition of cobalt ferrite NPs are
not entirely closing the pores of NC. Similar observations
of decreased pore sizes and volumes are also reported in
magnetically supported materials, where the main point
to consider is the persistence of porosity even after the
composite formation [53-55]. Figure 2 illustrates the
nitrogen adsorption behavior of the NC@CoFe,04 nano-
composite, depending on various types of sorption iso-
therms. The NC treated with cobalt ferrite NPs showed

an isothermal change from Type IV isothermal to Type I
isothermal, leading to a decrease in the adsorption of N,
at high pressure. However, in this case, the Type I iso-
therm finding indicates microporosity isotherm [56].
Conversely, absorbent materials with larger surface areas
are more effective in cleaning pollutants from water and
wastewater [57].

As shown in Figure 3a, the NC@CoFe,0, nanocompo-
site exhibits six distinct peaks. These peaks can be attrib-
uted to the well-developed crystalline structure of cubic
cobalt ferrite. Additionally, a faint peak at 20 = 25.2-26.6
(002) was observed, indicating the presence of NC in the
composite material [46,47,58]. The diffraction peaks of com-
posite material were observed at specific angles, represented
as 26 values, of 30.4°, 35.6° 43.3°, 53.6°, 57.1°, and 63.1°. These
angles correspond to the crystallographic planes of (220),
(311), (400), (422), (511), and (440), respectively. This crystal
structure is thus assumed to be more favorable for adsorption
performance and demonstrated that the major phase was the
spinel ferrite composite [2,59]. The reported X-ray diffraction
(XRD) patterns are in line with those previously reported for
the activated carbon/CoFe,0,4, CoFe,0,-NP/activated carbon,
and thiol-functionalized cobalt ferrite magnetic mesoporous
silica (SH-mSiO,@CoFe,0,) [21,55,60].

Table 2: Textural properties of NC and NC@CoFe,0, nanocomposite materials

3.1

Sample BET surface area (m>-g ") Average pore volume (cm®-g~) Average pore size (nm)
NC 1,280 0.677 2.116
NC@CoFe,0,4 328.9 0.157 1.905
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Figure 2: Isotherms of N, adsorption-desorption and pore size distri-
bution of the NC (a) and NC@CoFe,04 nanocomposite (b).
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Figure 4: FTIR spectrum of the pure NC (a) and NC@CoFe,0,4 nano-
composite (b).

To understand the magnetic properties of the newly
synthesized NC@CoFe,O nanocomposite, a vibrating sample
magnetometer (VSM) was used to measure its magnetic beha-
vior at room temperature. As shown in Figure 3b, the mag-
netic nature of the NC@CoFe,0, nanocomposite exhibited a
clear hysteresis appearance, indicating the superparamag-
netic behavior [17] with saturation magnetization, reten-
tivity, and coercivity values to be 33.65 emu-g"l, 10.354 Oe,
and 418.43 Oe, respectively, which are within the range of
those reported for bare CoFe,0,4 particles in previous studies
[61-65]. However, the magnetic separation capability of the
NC@CoFe,04 nanocomposite was confirmed by employing a
magnet close to the composite and observing how fast the
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Figure 3: XRD spectrum (a) and magnetization curve (VSM) (b) of the NC@CoFe,0, nanocomposite.
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Figure 5: FESEM image of the NC@CoFe,04 nanocomposite (a) and NC (b).

black material is drawn near the magnet [38]. This result
confirms that the composite can potentially be applied as an
adsorbent for the abstraction of heavy metals.

Figure 4b displays the FT-IR spectrum of the
NC@CoFe,04 nanocomposite. In this spectrum, a significant
peak is observed at approximately 3,380 cm ™. This peak is
attributed to the stretching vibration of the —OH bond, indi-
cating the presence of physically adsorbed water molecules
on the adsorbent material [57,66]. The peak observed at
2,919 cm™ is attributed to the stretching vibration of the
—CH group found in the methyl group [64,67]. As mentioned
earlier, palm kernel shells were treated with phosphoric
acid (HsPO4). The presence of phosphorus groups in the
NC@CoFe,04 nanocomposite is responsible for the observed
bands in the range of 970-1,174 cm™ [68,69]. However, the
peaks at 1,781, 1,564, and 1,348 cm™ correspond to ~C=0,
aromatic —C=C, and carboxy —C-0 groups on the exterior of

@
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the NC@CoFe,0, nanocomposite [70,71]. The peak at 817-460 em’l
shown in Figure 4b, indicates the common distinctive absorption
pattern associated with the vibrations of Co-O and Fe-O bands
[47,50,72,73], and additionally, the presence of magnetite NPs on the
surface of the NC has been confirmed. The appearance of these
absorption bands serves as strong evidence that the CoFe,0,
has effectively combined with the NC, indicating a successful
conjugation.

The structure of the NC@CoFe,0, nanocomposite
appears to generate spots for adsorption, thereby improving
the elimination of mercury ions (Hg() from a solution.
Morphological characterization of NC (Figure 5a) showed
appreciable development of porous structures and higher
surface area showing the effect of phosphoric acid evapora-
tion during the carbonization process [67,74]. As shown in
Figure 5b, the CoFe,0, NPs deposited on the surface of NC
are accumulated due to their inherent magnetic interactions
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Figure 6: TGA thermogram (a) and DTG profile (b) of thr NC@CoFe,0, nanocomposite.
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and uniformly showed a regular smooth surface with cracks
and cavities, indicating a larger BET value [2,57,72,75].

The thermal stability and degradation pattern were stu-
died by the TGA/DTG analysis. Figure 6a shows the qualita-
tive assessment of the NC@CoFe,0, nanocomposite and the
graph clearly indicates that the synthesized composite mate-
rial underwent three significant stages of decomposition.
With an initial decomposition temperature below 100°C,
the NC@CoFe,0, nanocomposite exhibited 9.62% weight
loss attributed to the saturated water evaporation. The
second weight loss, which occurred at temperatures ranging
from 220°C to 260°C, is caused by the breaking of chemically
bonded NPs. This is similar to what Choi et al. found when
they observed the weight loss occurring between 200°C and
350°C [76]. The final decomposition temperature of the
NC@CoFe,0, nanocomposite was around 720°C, indicating
the stability of this composite at this high temperature (can
withstand extreme working conditions). Similar observa-
tions were also reported in the CoFe,O,—graphene oxide
composite due to the effective bonding and stability pro-
vided by the graphene molecules to the cobalt ferrites [2].

The DTG thermogram of the NC@CoFe,04 nanocompo-
site in Figure 6b showed three degradation steps, with the
main step starting below 100°C, followed by a second
degradation at 247°C. Finally, the maximum degradation
rate due to lignin decomposition at slightly above 700°C
confirming the effective coating of the NC material.

3.2 Hg(u) ion adsorption

The effect of various factors like the pH level of the solu-
tion, the amount of adsorbent used, the time of contact, the
initial concentration of the ion solution, and the tempera-
ture of the reaction affect the process of removing Hg(u)
from a water-based solution.

3.2.1 Effect of pH

The effectiveness of the NC@CoFe,0, nanocomposite in
removing Hg(n) was assessed by measuring how well it
adsorbed Hg(um) across a range of pH values from 2 to 6.
In Figure 7, it is evident that the ability of the NC@CoFe,0,
nanocomposite to capture Hg(u) ions from a solution increases
significantly between pH values 2 and 3. The highest adsorp-
tion efficiency for Hg(n) ions, which is 93.2 mg-g ™", occurs at pH
3. This increase in efficiency can be attributed to the electro-
static interaction that occurs when more negatively charged
active sites become available [77]. The pHpzc of NC and
NC@CoFe;0, is a crucial property that defines the pH at which

Nanoporous carbon@CoFe,04 nanocomposite for Hg(ir) removal

—_— 7

Adiorpgion Sfﬁclencx (mglg)o

o
o
1

pH

Figure 7: Effect of pH on Hg(n) ion adsorption efficiency of the
NC@CoFe,0, nanocomposite.

the surface becomes electrically neutral. The pH drift method
was used to determine this parameter in this study where the
adsorbent materials can remove the ionic species at the
desired pH. The pHp;c values for the NC and NC@CoFe,0,4
composite are 3.67 and 4.5, respectively. The measured pHpyc
values decrease slightly within a range that results in a nega-
tive surface charge. This is attributed to the presence of
oxygen-functional groups, which promote the adsorption of
cations. Additionally, Tomar and Jeevanandam [62] found that
when cations and hydrogen ions both try to stick to the adsor-
bent surface, they do not compete with each other effectively.
This can result in the formation of compounds like Hg(OH)*
and Hg(OH),. As a consequence, the ability of the NC@CoFe,0,
nanocomposite to capture pollutants decreases, and it only
captures 61.64 mg-g ' of Hg(n) ions as pH increases above 3
[78]. A similar pH effect was reported in S-functionalized mag-
netic metal-organic frameworks and CNT-SH@Fe;0, mate-
rials, respectively [38,79]. As a result, pH 3 was selected as
the optimum pH for the NC@CoFe,0, nanocomposite adsorp-
tion experiment in this study.

3.2.2 Effect of dosage adsorbent

The dosage of the NC@CoFe,0, nanocomposite was varied
between 0.1 and 0.5 g in 100 mL of 10 mg-L ™" at the optimal
pH level of 3 and temperature of 25°C. According to Xia and
co-researchers, the concentration of Hg(u) ions in the solu-
tion is related to the number of active sites on the surface
and the availability of functional groups for the adsorption
process. This relationship is illustrated in Figure 8 of the
NC@CoFe;0, nanocomposite. The results show that the
increased amount of adsorbent dosage is expected to
increase the percentage of removal. This is a result of the
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reaction between COOH and Hg(i) ions [48]. However, the
adsorption efficiency of the NC@CoFe,0, nanocomposite
rapidly decreased as the adsorbent dosage increased. The
adsorption efficiency decreased from 78.01 to 19.3mg-g ™"
for the NC@CoFe;0, nanocomposite and this is because
enhancing the adsorbent dosage completely covers the
vacant space of the active sites and its saturation in the
adsorption process [57]. Several observations have been
recorded in various studies that reiterated that the adsorp-
tion efficiency decreases with that of the increased adsor-
bent dosage [49,63,80]. To find the appropriate amount of a
substance that can capture other substances from a solution
most effectively, how much of this capturing substance
should be used was determined. Eventually, the optimal
adsorbent dose for the remaining adsorption experiments
was resolved to be 0.3 g for the composite.

3.2.3 Effect of Hg(u) ion concentration

The effect of changing the initial concentration of Hg(i)
ions in a 100 mL solution, ranging from 10 to 50 mg-L™,
affects the efficiency of adsorption and the percentage of
Hg(u) removal on an NC@CoFe,0, nanocomposite. As shown
in Figure 9, the conditions were as follows: the adsorbent
weighed 0.3 g, the duration was 120 min, the temperature
was 25°C, and the pH was 3. Lima stated that the primary
factor for overcoming the resistance to mass transfer caused
by the molecules between the adsorbent material and the
adsorbate is the initial concentration of the adsorbent [81].
From the results, it is evident that when the starting con-
centration of Hg(m) in the solutions increased from 10 to
50mg-L™", the ability of the composites to capture Hg(m)
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Figure 9: Effect of initial concentration on Hg(u) ion adsorption efficiency
and the removal percentage of the NC@CoFe,0, nanocomposite.

increased from 32.7 to 158.3 mg-g ", As the concentration of
the Hg(u) solution increased, the composites made better use
of their binding sites, which increased their capacity to
adsorb Hg(u) ions [2,82,83]. However, when the starting con-
centration of Hg(m) solution increased from 10 to 50 mg-L ",
the percentage of Hg(i) removed by the NC@CoFe,04 nano-
composite dropped slightly from 98.2% to 95%. This decrease
might be because at a higher concentration, the Hg(i) ions
either fill the available surface of the nanocomposite or
reach a point of saturation. As a result, the removal percen-
tage decreased when the concentration was higher [57,78].

3.2.4 Effect of contact time

Figure 10 shows how the amount of Hg(u) adsorbed by the
NC@CoFe,0, nanocomposite is related to the time of
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Figure 10: Effect of contact time on Hg(u) ion adsorption efficiency and
the removal percentage of the NC@CoFe,0, nanocomposite.
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contact. The findings indicated that quick adsorption occurs
within the initial 60 min, with no significant variation in the
adsorption efficiency over the entire contact time [35,64]. The
NC@CoFe,04 nanocomposite has functional groups that offer
numerous active sites. These sites facilitate the quick interac-
tion and bonding of Hg(u) ions within the initial hour of
contact [48,78,84]. Despite this, the highest achieved adsorp-
tion efficiency is 66.45mg-g™", and the ideal contact time is
determined to be 60 min.

3.3 Adsorption isotherm studies

In a 100 mL solution, the amount of mercury ions was
changed from 10 to 50 mg-L ™", while keeping other factors
constant, such as pH at 3 and 0.3 g of the adsorbent. To
understand how mercury ions interacted with the adsor-
bent, the Langmuir and Freundlich isotherms were used to
describe this interaction. In simpler terms, the models
explained how the concentration of mercury ions in the
solution and their attachment to the adsorbent relate to
each other using these two models [85].

An adsorption isotherm is crucial for understanding
how metal ions and absorbents interact. It helps to deter-
mine how molecules are distributed between a solid and
liquid when adsorption reaches a balance, revealing the
highest efficiency of adsorption. The effectiveness of the
NC@CoFe,04 nanocomposite in capturing Hg(u) was eval-
uated by analyzing the data with two different models: the
Langmuir and Freundlich isotherms [86]. The Langmuir
theory suggests that adsorption occurs at particular uni-
form spots within the material where it occurs, leading to a
single layer of adsorption [79,87]. By contrast, the Freun-
dlich model is typically more suitable for describing pro-
cesses where adsorption occurs in multiple layers on a
surface with uneven characteristics [88]. Eq. 1 shows the
Langmuir model in a linear form, while Eq. 2 represents
the Freundlich model in a linear form [42,89]:

C__1 G
Qe QmaxKL Qmax

The equilibrium concentration of Hg(u) ions in a sub-
stance, denoted as Q. (mg-g™), depends on the affinity of
Hg(un) ions for the binding sites on certain composites,
represented by K, and the equilibrium concentration of
Hg(u) ions in the surrounding liquid, denoted as C, (mg-L ™).
The Langmuir isotherm was confirmed in Figure 11, which
displayed the relationship between Co/Q. and Ce. By analyzing
the graph’s straight-line equation, the values of Qnax and K,
were determined using the slope and intercept:

M

Nanoporous carbon@CoFe,04 nanocomposite for Hg(i) removal

-_ 9

1
logQ, = logk; + ElogCe v

where Kr is the effectiveness of the sorbent in adsorbing
Hg(n) ions, and 1/n is the concentration of these ions
affecting the sorption process. To find these values, a math-
ematical model called the Freundlich kinetic model was
used by plotting the logarithm of the amount of Hg(u)
ions adsorbed (log Q.) against the logarithm of their con-
centration (log Ce).

The assessment relied on the highest R* value obtained
from the initial concentration-effect data displayed in a
regression plot. In this study, the R* values obtained through
linear regression for the Langmuir and Freundlich models
were 0.9895 and 0.9962, as illustrated in Figure 11 and are
presented in Table 3, respectively. The adsorption behavior
of Hg(u) adhered more closely to the Freundlich model than
the Langmuir model, as indicated by the fact that the corre-
lation coefficient (R?) for the Freundlich model was higher
than that for the Langmuir model. The NC@CoFe,0, nano-
composite captures Hg(u) by evenly distributing active adsorp-
tion sites across its surface. These sites then attract and adhere
to Hg(m) ions on the material’s surface [38,78,90]. Meanwhile,
the determined Ry value decreases within the range of 0-1.0
(0.0258), which is derived from the K values obtained through
the Freundlich model. This suggests that the process of Hg(m)
adsorption onto the adsorbent was favorable in the study. The
highest Hg(m) sorption capacity of the NC@CoFe,0, nanocompo-
site fitted by the Freundlich isothermal model was 232.56 mg-g ™"

3.4 Adsorption kinetic studies

The time for which Hg(um) ion solution adsorption occurs
ranges from 15 to 120 min. This experiment was carried out
at a pH of 3 and a temperature of 25°C, with an initial
concentration of Hg(m) ions set at 30 mg-L™". To analyze
the adsorption process, two kinetic models were employed:
the pseudo-first-order rate equation (Eq. 3) and the pseudo-
second-order kinetic model (Eq. 4):

ln(Qe - qt) = ln('Ze - kl 3

where ¢, is the amount of Hg(i) adsorbed onto the surface
when equilibrium is reached (mg-g™), q; is the amount of
Hg(u) adsorbed onto the surface at a specific time ¢, and k is
a constant that describes the speed of the adsorption pro-
cess and is determined by plotting a graph of the natural
logarithm of In(q. — q,) against ¢t (min™):

t 1 t

= + — 4
q ka’ q @
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Figure 11: Langmuir (a) and Freundlich (b) model isotherms for Hg(u) adsorption on the NC@CoFe,0, nanocomposite.

where ¢ is the time in minutes during which Hg(u) ions are
adsorbed, g, is the quantity of the metal ions adsorbed at a
specific time (mg-g™), and ¢, is the amount of metal ions
adsorbed at equilibrium (mg-g™). Additionally, k, repre-
sents the rate constant for the second-order adsorption
process (g'mg min~?).

The following models, pseudo-first and pseudo-second
order (Figure 12), are employed to delve deeper into under-
standing how Hg(m) ions are absorbed by the NC@CoFe,0,
nanocomposite by studying the time taken to reach equili-
brium. The correlation coefficient (R? values for the kinetic
model fitting were found to be 0.9063 and 0.9999, respec-
tively. These values suggest that the adsorption of Hg(u) ions
on the absorbent adhered closely to the pseudo-second-
order kinetic model. The experimental result for ¢, being
fairly similar to the calculated value provides additional
evidence that chemisorption played a significant role in
this experiment [45,91,92]. Although the pseudo-first-order
model may show a strong correlation coefficient (R?), it is
clear that there is a substantial disparity between the actual
experimental g, and the calculated g.. Consequently, it is
evident that the adsorption process does not adhere to the
pseudo-first-order model. Table 4 displays the parameters
for both the pseudo-first- and pseudo-second-order kinetics

models used to describe the sorption of Hg(u) on the
NC@CoFe,04, nanocomposite.

3.5 Adsorption thermodynamic studies

Thermodynamic investigations were conducted by placing
Erlenmeyer flasks in a water bath with temperatures ran-
ging from 25°C to 50°C. This experiment was conducted at
pH 3, and the mixture was agitated for 2 h, starting with an
initial concentration of 30 mg-L™ Hg(u) ions. The universal gas
constant, denoted as R, was utilized to compute essential ther-
modynamic parameters, including enthalpy (AH), entropy (AS),
and Gibbs free energy (AG). The results of these investigations
were determined using Egs. 5 and 6 [93]:

AG = -RTInKy4 (5)
AS

=222 6

and RT R (6)

where Ky represents a constant that describes how well
substances stick to each other when they come into contact,
R is a number used in science to help with calculations, and
T is the temperature (K). To find the values for AH and AS, a

Table 3: Langmuir and Freundlich isotherm model parameters for Hg(u1) adsorption by the NC@CoFe,0, nanocomposite

Langmuir isotherm

Fruendlich isotherm

Maximum adsorption Langmuir constant, Correlation Freundlich constant, Freundlich Correlation
capacity (mg-g™") K. (L'mg™) coefficient, R Ke (mg-g™") constant, n coefficient, R
232.56 1.256 0.9895 5.366 1.65 0.9962
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Figure 12: Pseudo-first-order model (a) and pseudo-second-order model (b) for Hg(u) adsorption on the NC@CoFe,04 nanocomposite.

graph of the logarithm of Ky vs the reciprocal of temperature
(T) was plotted These values help in understanding the heat
and entropy changes that occur during this adsorption process.

Adsorption is significantly affected by the environment’s
temperature. Thermodynamic properties can also help in
determining if adsorption is likely to occur and whether the
process is spontaneous or not. The changes in sorption effec-
tiveness as temperature increases also reveal whether a pro-
cess is endothermic or exothermic [49,94]. Figure 13a shows
the effect of temperature change on adsorption and removal
percentage of Hg(m) onto the NC@CoFe,0, nanocomposite.
According to the graph, as the temperature increases from
25°C to 50°C, both the effectiveness of adsorption and the
percentage of material removed show a slight improvement.
This suggests that the adsorption process becomes more
effective and favorable at higher temperatures, indicating
it is an endothermic reaction. As the temperature increases,
the energy associated with the movement of Hg(m) molecules
also increases. This is explained by the kinetic theory, which
suggests that these molecules interact with the surface they
are adsorbed on through collisions [72,95].

Figure 13b shows the Van’t Hoff plot utilized to estimate
the changes in free energy (AG), enthalpy (AH), and entropy
(AS) associated with the process of Hg(m) adsorption on the
NC@CoFe;0, nanocomposite. Moreover, the computed energy
change values listed in Table 5 demonstrate negative values of
AG with increased temperature, indicating that the adsorption

mechanism of the absorbent is a spontaneous process as a
result of constant mobility increment and diffusion of ions
into its pores [93]. The positive enthalpy, AH, and entropy,
AS, values implied that the NC@CoFe,0, nanocomposite
adsorption toward Hg(n) is an endothermic reaction and
that the probability of favorable adsorption mechanism ran-
domly increases, displaying a strong affinity between Hg(m)
and the adsorbate [42,48,55,61].

The influence of the pH studies of NC@CoFe;0, (Figure 7)
supports the formation of negatively charged surfaces,
which favors the cationic adsorption studies and, in our
case, the Hg(n) ions. Likewise, the adsorbent and adsorbate
dosage studies of NC@CoFe;0, (Figures 8 and 9) have indi-
cated that the Hg(un) adsorption at the porous sites occurs
only through physicochemical and van der Waals attrac-
tions. A rapid increase in the adsorbent dosage is expected
to have supported the complete coverage of the adsorbent
material’s active vacant spaces and so saturation in the
adsorption procedure was achieved. Additionally, the iso-
therm adsorption studies (Figure 11) and kinetic models
(Figure 12 indicate the Hg(um) recovery onto the NC@CoFe,0,
composite to be more suited by the Fruendlich model with
pseudo-second order, meaning the process occurs on the
multi-layer heterogeneous surface and is chemisorbed.
Finally, adsorption thermodynamics (Figure 13) are observed
with a positive enthalpy and entropy, i.e., Hg(u) adsorption on
NC@CoFe,0, is endothermic with strong affinity among the

Table 4: Parameters of the pseudo-first- and pseudo-second-order kinetic models for Hg(u) adsorption by the NC@CoFe,0, nanocomposite

Kinetic models ge, experimental (mg-g™")

ge, calculated (mg-g™") Correlation coefficient R?

66.45
66.45

Pseudo-first order
Pseudo-second order

7.55
66.23

0.9063
0.9999
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NC@CoFe,0, nanocomposite.

Hg(m) ions and the functional groups attached to NC and
CoFe,0,. Overall, the nanocomposite with its porous architec-
ture offered by the carbonaceous base originating from the
natural palm kernel shell in conjugation with the solid mag-
netic support (CoFe,04) allows for the natural recovery of
positively charged Hg(n) ions in aqueous solutions. The porous
nanocomposite adsorbent base with its negative charge on its
surface of active sites allows for the spontaneous and natural
adsorption (no requirement of additional energies like stir-
ring, heating, light, etc.) of Hg(u) ions. Such natural localiza-
tion provides more stabilization to the adsorbent Hg(u) ions
through physicochemical and electrostatic attractions at the
multi-layer heterogeneous surfaces, thereby confirming the
effective performance of our NC@CoFe,0, nanocomposite.

3.6 Testing of NC@CoFe,0, nanocomposite
toward real wastewater sample

To test the efficacy of our developed NC@CoFe,04 nano-
composite in practical applications, the adsorbent was
employed to remove Hg(u) ions under the previously

mentioned optimized conditions. In that view, the real
wastewater samples of condensate having a mercury con-
centration of 0.214 mg-L™" collected from the petroleum
(oil and natural gas) industry were tested against our
NC@CoFe,0, adsorbate using a mercury analyzer. The
results of adsorption studies confirmed the removal of
93% Hg(u) ions, corresponding to 0.199 mg-L™* of the con-
densate of the petroleum industry. This confirms the
effective adsorption behavior of the NC@CoFe,0, nano-
composite towards Hg(un) removal available in industrial
wastewaters and at the same time highlights its attractive
features like low costs, larger and easy production, nat-
ural origin, and magnetic nature.

4 Conclusion

The NC@CoFe,0, nanocomposite was successfully synthe-
sized using a hydrothermal technique. The prepared com-
posite exhibited a saturation magnetization capability of
33.650 emu-g™’, with maximum adsorption efficiency of
232.56 mg-g”" toward Hg(m) at pH 3. The adsorption

Table 5: Studies of thermodynamic parameters for Hg(u) adsorption by the NC@CoFe,0, nanocomposite

Temperature (K) AS (k]-mol -K™) AH (kJ-mol™) AG (kJ-mol™")
298 42,05 5.14 -7.46
303 -7.62
308 -7.74
313 -7.89
323 -8.56
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isotherm was effectively combined with the Freundlich
isotherm model, and the kinetic analysis was conducted
using the pseudo-second-order reaction. Moreover, the
adsorption mechanism aligns well with spontaneous and
endothermic reactions, as evidenced by the negative free
energy and positive enthalpy/entropy values. Additionally, the
NC@CoFe,0, nanocomposite material, which was successfully
synthesized, demonstrated effectiveness in detecting and
removing Hg(m from actual waste condensate in the oil
and gas industry. The NC@CoFe,0, nanocomposite demon-
strates notable contributions to Hg(n) removal in a green
environment through its high adsorption capacity, magnetic
retrievability, regenerability, selective removal, low energy
consumption, and compatibility with green technologies.
These features collectively make it a promising and envir-
onmentally friendly material for mercury remediation
applications.
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