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ARTICLE INFO ABSTRACT

Keywords: In recent years, increased industrial activity, without adequate wastewater management, has significantly
Fe304/MgO/AC (FOMAC) contributed to rising levels of bacterial and heavy metal contamination in environments. Therefore, effective
Nanocomposites solutions for environmental remediation are required, particularly using economical, effective, efficient, and

Antibacterial agent
Adsorption efficiency
Environmental remediation

environmentally friendly. To address this issue, this research developed magnetite/magnesium oxide/activated
carbon (Fe304/MgO/AC, FOMAC) nanocomposites that integrate dual functionalities within a single system,
offering a more efficient and practical alternative compared to conventional materials. Interestingly, the Fe;04
and AC nanoparticles were derived from natural materials, iron sand and coconut shells, which are en-
vironmentally friendly materials that contribute to reducing toxic reagents, decreasing environmental footprints,
and supporting sustainable pollution mitigation. The FOMAC nanocomposites were prepared via synergistic
coprecipitation, chemical activation, and sonication methods. The prepared nanocomposites were characterized
by XRD, FTIR, SEM-EDX, VSM, BET, AAS, and well diffusion. The data analysis showed that FOMAC possessed an
inverse spinel cubic structure for Fe;O4 and a face-centered cubic structure for MgO with crystallite sizes of
12.85nm and 36.06 nm, respectively. FOMAC was confirmed to have spherical and chunk morphology with
nanometric average particle sizes. The functional groups of Fe-O (octahedral and tetrahedral sites), Mg-O, and
C=C were identified at wavenumbers of 452, 682, 804, and 1399 cm™, respectively. FOMAC had a high specific
surface area of 30.6802m?/g and exhibited superparamagnetic properties with a saturation magnetization of
10.006 emu/g. Interestingly, FOMAC exhibits excellent performance against E. coli and S. aureus bacteria, with
inhibition zone diameters of 12.49 mm and 14.10 mm, respectively. Moreover, FOMAC has an adsorption effi-
ciency of 63.40% for Pb(II) removal. Interestingly, FOMAC had an adsorption efficiency up to 98.83% for Cd(II)
removal. Thus, these findings indicate that FOMAC provides a scalable and sustainable materials strategy for
environmental remediation, thereby improving environmental quality and reducing health risks to society from
microbial and heavy metal (Pb(II) and Cd(II)) contamination.

1. Introduction

Clean water plays an essential role in maintaining ecosystem bal-
ance and supporting life. However, increasing dye, mining, metal
electroplating, pharmaceutical, and battery industries have increased
pollution from toxic heavy metals in water. The rapid growth of in-
dustry in recent years has caused major problems for human life,
especially concerning aquatic environmental issues [1]. Various

industries, such as paint, dye, textile, plastic, metal plating, and battery
industries, generate large amounts of waste [2,3]. In general, industrial
waste contains various heavy metal ions, dyes, and other hazardous
substances that can threaten human health, even at low concentrations.
Among these contaminants, the most dangerous are heavy metal
wastes, such as Pb, Cd, Hg, As, Cu, Cr, Co, Zn, and Ni [4,5]. Worse,
research data show that heavy metals have contaminated approxi-
mately 40% of rivers and lakes [6]. Theoretically, in water, heavy
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metals are materials that cannot be biodegraded, so they can accumu-
late throughout the food chain (bioaccumulation) and trigger serious
health issues in living things, especially humans [7].

Among heavy metals, cadmium (Cd(II)) and lead (Pb(Il)) are the
most dangerous due to their high toxicity. According to a 2022 report
by the World Health Organization (WHO), there were more than one
million deaths and 21.7 million people worldwide suffering from dis-
abilities due to consuming water exposed to Pb(II), and around 600
million people annually suffer from environmental pollution con-
taminated with Cd(II) [7-9]. Excessive Pb(II) and Cd(II) concentrations
in water sources and in living organisms such as fish and shellfish are
dangerous for humans to consume. Moreover, prolonged exposure to Pb
(I1) and Cd(II) causes various diseases, such as cardiovascular disorders,
kidney failure, heart problems, intestinal problems, liver cirrhosis,
brain damage, mental retardation, anemia, cancer, chronic lung dis-
ease, high blood pressure, leukemia, and genetic toxicity [7,9,10].

In addition to heavy metal exposure, contamination by pathogenic
bacteria in aquatic environments is a serious environmental issue that
requires serious attention from multiple stakeholders. Previous research
has shown that dangerous contaminating bacteria such as E. coli and S.
aureus are often found in drinking water. Moreover, contamination of
drinking water with such bacteria can cause infections that affect the
digestive tract, bloodstream, skin, and other organs [11]. If this issue
remains unaddressed, it will have serious consequences for the sus-
tainability of aquatic environments and public health.

Various strategies were employed for removing heavy metals and
pathogenic bacteria from aquatic environments have been explored,
including chemical precipitation, neutralization, ion flotation, ion ex-
change, coagulation, membrane separation, electrochemistry, and
photocatalysis [12-15]. Nevertheless, these methods still have re-
straints, such as high production of toxic sludge that requires further
processing, high costs, low efficiency, long processing times, and high
energy requirements [16]. Meanwhile, current popular methods for
water decontamination, such as photocatalysis, also still have limita-
tions related to photo-carrier segregation, photocatalytic activity, ef-
fectiveness, and efficiency [17]. To reduce harmful bacterial con-
tamination, several substances are often used in drinking water
treatment, such as ozone, free chlorine, iodine, and chloramine. How-
ever, these substances tend to react with natural organic matter and
other constituents in water, causing the formation of disinfection by-
products and raising significant concerns [18]. Consequently, it is
crucial to develop easier, simpler, faster, more efficient, and en-
vironmentally friendly methods to simultaneously remove heavy metals
and bacteria from water, such as adsorption.

In recent years, the adsorption method has emerged as an alter-
native strategy for degrading or removing heavy metals from water
because it is relatively inexpensive, energy efficient, effective, and en-
vironmentally friendly [19]. In this context, activated carbon (AC) is
frequently used because it is abundant and easy to obtain in nature. In
this work, AC obtained from sustainable biomass sources, such as co-
conut shells, has the advantage of being low-cost and environmentally
friendly compared with AC derived from non-renewable sources, in-
cluding coal [20,21]. AC from coconut shells has the additional ad-
vantage of a large specific surface area, pore volume, and abundant
surface functional groups, making it potentially useful as an adsorbent
[22]. In addition, coconut shells also contain phenolic compounds and
acetic acid, which act as the main antimicrobial agents [23]. Despite its
advantages, AC still has limitations, particularly the difficulty in se-
parating from the solution after the adsorption process is complete
[24]. This issue can be solved by incorporating AC with magnetic ma-
terials, such as Fe30,.

Fe304 has been considered as excellent material with various unique
properties, such as low toxicity, biodegradability, excellent catalytic
activity and biocompatibility, high saturation magnetization, and su-
perparamagnetic behavior [25]. So far, Fe30, is often synthesized using
commercial chemical precursors such as hexahydrate (FeCl;.6H>0) and
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tetrahydrate of iron chloride (FeCl,.4H,0) [26]. Despite this, Fe304 can
also be synthesized from natural materials such as iron sand at a lower
cost, be more environmentally friendly, and exhibit high saturation
magnetization [27]. Due to its unique properties, Fe;0,4, prepared from
iron with excellent magnetic properties, can be incorporated with AC to
increase heavy metal adsorption and facilitate the separation of ad-
sorbents from solutions using an external magnetic field [28]. Mean-
while, another advantage as an antibacterial agent, Fe;O4 can also
produce reactive oxygen species on the surface of nanoparticles, re-
sulting in oxidative stress in bacterial cells and culminating in cell death
[29]. Despite its advantageous magnetic properties, Fe;O, is easily
oxidized, which leads to a reduction in magnetization [30]. Conse-
quently, the incorporation of a secondary material, such as MgO, is
required to inhibit Fe;O,4 oxidation and enhance its chemical stability
[311.

MgO is a stable metal oxide and can inhibit the oxidation of Fez04
by forming a barrier layer for oxygen diffusion to the surface of Fe;04
[32]. In addition, MgO also has an advantage due to its low toxicity
[33]. In heavy metal adsorption applications, MgO is desirable because
it has many adsorption sites, so it can also increase the adsorption ca-
pacity of AC [34]. Moreover, as an antibacterial agent, MgO can form
superoxide radicals through the reaction of oxygen with the bacterial
surface. These extra electrons are highly reactive and can damage
proteins and phospholipids of bacterial membranes [35]. Therefore,
incorporating them into Fe304/MgO/AC (FOMAC) nanocomposites as
bifunctional materials is important for environmental remediation.

Previous research conducted by Hanif et al. showed that adsorption
efficiency was achieved up to 98% for the removal of Cd(II) within
15 min using Ag/MgO@Fe30,4 [36]. However, at a low concentration of
0.06 ppm, the study did not provide the adsorption capacity. Such re-
search showed that Fe;04 was not synthesized from natural materials
without conducting antibacterial applications. Furthermore, Esmaeili
et al. reported the adsorption efficiency of 96.65% for the removal of As
(II1) using Fe30,@MgO@AC. However, it required a longer time of
35min, a low capacity of only 1.166 mg/g. Such research also showed
that Fe3O, was not synthesized from natural materials without con-
ducting antibacterial applications [37]. Zadeh et al. reported that the
use of AC/alginate/Fe;0,4 had good adsorption performance on Pb(II)
with an adsorption efficiency of 97.83% and an adsorption capacity of
37.764mg/g [38]. However, according to the report by Aydin et al.,
alginate did not exhibit any inhibitory effect on bacteria [39]. On the
other hand, Fekri et al. reported that AC/Fe;0,4 has a cefazolin ad-
sorption capacity of up to 96% and good antibacterial properties [40].
Meanwhile, Anigol et al. also reported that Fe;04,-MgO also has ex-
cellent antibacterial activities against various strain bacteria [41].
However, in the two recent studies, Fe30, was still synthesized from
commercial chemicals and not from natural materials. Therefore, in this
research, the synthesis of Fe;04/MgO/AC (FOMAC) nanocomposites
was carried out by employing iron sand and coconut shell as adsorbents
for heavy metals Cd(II) and Pb(Il) for environmental remediation,
especially in water. In addition, the nanocomposites also open the po-
tential as antibacterial agents that can help reduce microbial con-
tamination in water, such as S. aureus and E. coli.

2. Experimental Methods
2.1. Materials

The natural materials used in this research included iron sand,
which was achieved from Sine Beach, Indonesia, and coconut shell,
which was obtained from farmers’ gardens in Jember Regency, East
Java, Indonesia. The reagents employed in the synthesis process were
magnesium oxide (MgO, =98%, Smartlab, Indonesia), deionized water
(=99.9%, Onelab waterone, Indonesia), hydrochloric acid fuming (HCl
37% 2M, Merck, Germany), ammonia solution (NH;OH 25% 6.5 M,
Merck, Darmstadt, Germany), nitrid acid (HNO3 65% 2 M, Smartlab,
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Indonesia), ammonia (NH; 25% 2 M, Smartlab, Indonesia), ethanol
(70%, Smartlab, Indonesia), alcohol (70%, Smartlab, Indonesia), dis-
tilled water (=99.9%, Hydrobatt, Indonesia), dimethyl sulfoxide
(DMSO =99.9%, Merck, Germany), lead (II) nitrate (Pb(NO3),,
= 99.95%, Smartlab, Indonesia), and cadmium nitrate tetrahydrate (Cd
(NO3),.4H,0, = 98%, Merck, Germany).

2.2. Synthesis of Fe304 Nanoparticles from Iron Sand

A total of 20 g of natural iron sand resulting from the separation was
reacted with HCI using a hot plate and magnetic stirrer with a stirring
speed of 720 rpm, then filtered to obtain a FeCl, and FeCl; solutions. A
total of 18 mL of solutions was then titrated with 25 mL of NH,OH for
30 min and stirred until a black precipitate formed. The precipitate was
washed with H,O until the pH was neutral, then filtered and dried in an
oven at 100 °C for 1 h until pure Fe;04 powder was obtained [42]. The
Fe30, powder was then crushed with a mortar to obtain Fe;O, nano-
particles.

2.3. Synthesis of AC Derived from Coconut Shell

A total of 1000 g of coconut shell was cleaned, dried, and burned
until it became charcoal. The charcoal was then crushed and sifted to
obtain powdered product. The powdered charcoal was then heated at
600 °C for 2 h, then crushed using a mortar and pestle [22]. A total of
10 g of charcoal was dissolved in 100 mL of HNOj at a temperature of
80 °C for 2h until a black precipitate formed. The precipitate was
washed with ethanol until the pH was 5 or 6, then placed in the oven at
100 °C for 1 h until the AC powder was obtained, followed by a crushing
process.

2.4. Synthesis of Fe30,/MgO/AC (FOMAC) Nanocomposites

The prepared Fe;O,4 (1g) was dispersed and stirred at 80 °C for
30 min in 80 mL of distilled water until homogeneous. After that, 1 g of
MgO and 0.15 g of AC were added to the solution, then sonicated for
30 min. The solution was then stirred and titrated with 7.5 mL of NH3
for 1h at 80 °C. After the reaction was complete, the solution was
precipitated using a magnet and washed to obtain a neutral pH, then
dried in an oven at 100 °C for 1h until Fe;0,/MgO/AC (FOMAC)
powder was obtained.

2.5. Characterization

XRD characterization was carried out with instrument specifications
PANalytical type X’Pert PRO to determine the crystal structure, lattice
parameters, and crystallite size; SEM-EDX (FEI type Inspect-S50) was
employed to evaluate the morphology, particle size, and elemental
content; FTIR with instrument specifications Shimadzu type IR-
Prestige21 to characterize chemical functional groups; VSM instrument
specifications with Quantum Design PPMS® VersaLab™ to characterize
magnetic properties; SAA-BET with instrument specifications
Micromeritics Tristas II Plus to determine the specific surface area AAS
with instrument specifications Shimadzu AA 7800 to determine the
effectiveness of FOMAC nanocomposites in adsorbing heavy metals Pb
(I) and Cd(II); and antibacterial test using DMSO to determine the
bacterial inhibition of the nanocomposites. Furthermore, for adsorption
test, a total of 0.160 g of Pb(NOs), and 0.274 g of Cd(NO3),.4H,0 were
each dissolved in 100 mL of DI water to form a stock solution of
1000 ppm heavy metal contamination. A total of 10 mL of the stock
solution was dissolved in 90 mL of DI water to obtain a 100 ppm so-
lution. Next, the solution was reacted with Fe30,/MgO/AC (FOMAC)
based on variations in contact time, temperature, concentration, and
pH.
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2.6. Data Analysis

2.6.1. Adsorption Capacity and Efficiency
Adsorption capacity and efficiency are calculated using Eq. (1) and
(2).

C-C)

q = m

@

M x 100%

Co 2
Where q, is the adsorption capacity (mg/g), Co is the initial con-
centration (mg/L), C, is the final concentration (mg/L), V is the volume
of heavy metal solution (L), and m is the adsorbent mass (g) [19,43].

%adsorption =

2.6.2. Adsorption Kinetics
The adsorption kinetics of the pseudo-first order method (first order
linear regression) Lagergren model is shown by Eq. (3).

ky
2.303

log(q. — g, = logq, — 3)

The pseudo-second order McKay & Ho model is shown in Eq. (4).

t 1 1

— = 4 —
q ka q 4)

Apart from that, the intra-particle diffusion model is shown by

Eq. (5)
1

q, = ki(t E) + C 5)
Where g, represents equilibrium adsorption capacity (mg/g), k; re-
presents first order rate constant (min™), ko represents second order
rate constant (g/mg.min‘l), t represents time (min), k; represents
average rate constant (g/mg.min"'’?), and C represents heavy metal
concentration (mg/g). Based on Eq. (3), a graph of the relationship
between log (q. — q,) and t is obtained. Meanwhile, from Eq. (4), a graph
of the relationship between t/q, and t is obtained [43].

2.6.3. Adsorption Thermodynamics
Adsorption thermodynamic analysis uses Egs. (6), (7), and (8).

)

‘T C 6)

AG®° = —RTInK¢ (2]
_AH®  AS°

InKe =

nRe="pT R 8

Where K¢ is the equilibrium constant, C, is the initial adsorbate con-
centration, C, is the adsorbate concentration at equilibrium, R is the
ideal gas constant (8.314 J/mol.K), and T is the temperature (K). The
AG® value is obtained from the In K value, while the AH® and AS° va-
lues are obtained from the Van't Hoff curve through the relationship
between In K¢ and 1/T [37].

2.6.4. Adsorption Isotherm
The Langmuir Isotherm is shown by Egs. (9) and (10).

q - QObLCe

¢ (1 +bCe) ©)
C_ 1 ¢

qd. Qb Qo (10)

Where g, represents equilibrium adsorption capacity (mg/g), C. re-
presents equilibrium concentration of adsorbate (mg/L), b, represents
Langmuir constant (L/mg), and Qo represents Langmuir adsorption
capacity (mg/g). From this equation, a graph of the relationship be-
tween C,/q. and C, can be obtained to find the adsorption capacity (Qo)
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Fig. 1. XRD patterns of Fe;0,4, MgO, AC, and FOMAC.

and Langmuir constant (b;). Meanwhile, the Freundlich isotherm is
shown by Egs. (11) and (12).

1
q. = K¢Ce? an

logq, = logK; + %logce (12)
Where K and n are the physical constants of the Freundlich isotherm,
which can be obtained from the relationship graph between log g, and
log C.. The appropriate adsorption isotherm model can be determined
from the level of linearity of the line, which is characterized by an R>
value close to one [37,43].

3. Results and Discussion
3.1. Crystal Structure of FOMAC Nanocomposites

The XRD pattern of FOMAC nanocomposites is shown in Fig. 1,
showing the conformity of the experimental results with the Fe;O4
(AMCSD 0007423) and MgO (AMCSD 1000053) databases. The black
line shows the experimental data, while the red line shows the refine-
ment results. The success of FOMAC synthesis is marked by the iden-
tification of typical diffraction peaks of Fe;0, and MgO nanoparticles.
The Fe30, diffraction peaks were detected at 20 = 30.28°; 35.66°%;
43.35°% 53.78°%; 57.34°; 62.97°, and 74.52° with the hkl planes (220),
(311), (400), (422), (511), (440), and (533). Meanwhile, MgO nano-
particles were identified at 20 = 42.96°; 62.52°; 78.69° with hkl planes
(200), (220), and (222) [44]. The crystal structures of Fe30, and MgO
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Fig. 2. FTIR spectra of Fe30,4, MgO, AC, and FOMAC.

were in accordance with previous research, where Fe;0,4 had an inverse
cubic spinel structure with a space group of Fd-3m and MgO had a face-
centered cubic structure with A space group of Fm-3m [45,46]. Mean-
while, the AC diffraction peaks were not identified because it has an
amorphous (non-crystalline) structure. Based on quantitative analysis,
the Fe304 and MgO have crystallite sizes of 15.76 nm and 36.06 nm,
respectively. Meanwhile, the crystallite size of MgO remains at
36.06 nm, but specifically, the Fe304 phase decreases to 12.85nm be-
cause there is a role of AC, which reduces the crystallite size. Further-
more, the lattice parameter of pure Fe;0, is 8.3598 A and pure MgO is
4.2132 [o\, while in FOMAG, there is a decrease in the lattice parameter,
namely 8.3236 A for Fe3;0,4 and 4.2098 A for MgO. This occurs because
of the increase in internal pressure in FOMAC so that the lattice para-
meter value decreases [47]. The identification of the nano-sized crystal
structure indicates that FOMAC has been successfully synthesized. The
nano-scale crystal structure also provides more active sites, thereby
increasing the adsorption capacity for heavy metals Pb(II) and Cd(II)
[19].

3.2. Functional Groups of FOMAC Nanocomposites

Fig. 2 shows the FTIR spectrum analysis of Fe30,4, MgO, AC, and
FOMAC. In the Fe3s04 and FOMAC structures, Fe-O (tetrahedral and
octahedral) bonds are identified at wavenumbers of 452 and 690 cm™,
respectively [42]. The results of FTIR analysis for AC, vibrations of
C=C, C-C, and C-0 appear at 2315, 1399, and 1036 cm™, respectively.
While in FOMAC, the C=C bond is detected at 2315, 1628, and
890cm™, and the C-C and C-O bonds at 1430 and 1089 cm™, re-
spectively [37]. In addition, in AC and FOMAC, there are peaks at
1696 cm™ from C=O vibrations and at 871cm™ from C-O-C
stretching vibrations of carbonyl compounds such as esters [48]. In
MgO and FOMAC, Mg-O bonds are also identified at 795cm™. The
broad peaks of O-H bonds belonging to Fe;0,4, AC, and FOMAC are
detected at 3448, 3210, and 3382cm™ [37]. The emergence of all
functional group bonds indicates that the synthesis of Fe;04, AC, and
FOMAC was successful. In addition, the O-H and C=O group bonds
also play a role in adsorption because they can form ionic bonds or
coordinate with heavy metals Pb(I) and Cd(II) [49].

3.3. Morphology, Particle Size, and Elemental Composition of FOMAC
Nanocomposites

The success of the synthesis process is also confirmed through the
EDX results, as shown in Table 1. The constituent elements of FOMAC,
such as Fe, O, Mg, and C appear. The morphology and particle size
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Table 1
Elemental composition of Fe304 and FOMAC.

Sample Elemental composition

Fe o Mg C
Fe304 70% 30% - -
FOMAC 40% 38.3% 11.2% 10.5%

distribution resulting from SEM characterization of Fe304, AC, and
FOMAC are shown in Fig. 3.

In this work, Fe3O,4 forms spherical and AC forms like chunks.
Meanwhile, the morphology of FOMAC looks like a combination of
spheres and chunks. Based on the results of quantitative analysis, it is
known that the average spherical particle size is confirmed as na-
noscale, namely 30.03nm for pure Fe3O, and 20.75nm in FOMAC
[42]. The smaller the particle size, the higher the surface area of the
adsorbent, which can increase the adsorption capacity of heavy metals
Pb(II) and Cd(I). Meanwhile, AC is confirmed to have an average pore
diameter of 45.64 nm, which allows heavy metals to diffuse into it so
that adsorption of Pb(II) and Cd(Il) can take place optimally [43].

Fe, O,

Fe,0,

Spherical

FOMAC

Spherical

Pores

Chunks \\

N
100 ym

Environmental Pollution and Management 3 (2026) 202-213
3.4. Magnetic Properties of FOMAC Nanocomposites

The magnetic properties of Fe;0, and FOMAC, characterized by
VSM at room temperature, are shown in Fig. 4. The characterization
results were analyzed using the Langevin method based on Egs. (13)
and (14).

M= M, + M| coth(Cx H) — x H
r+ s(co ( ) . H)+# 13)
c= *
kpT a4

Where M represents magnetization (emu/g), M; represents saturation
magnetization (emu/g), M, represents remanent magnetization (emu/
g), y represents susceptibility, x4 represents magnetic moment, H re-
presents magnetic field with unit (Oe), T represents temperature, and kg
represents Boltzmann's constant (1.38 x 10722 J/K) [50,51]. The ana-
lyzed results are depicted in Table 2.

Qualitatively, Fe30, and FOMAC have superparamagnetic proper-
ties as evidenced by the S-shaped hysteresis curve with small saturation
magnetization (M) values of 24.118 emu/g for Fe;0, and 10.006 emu/
g for FOMAC. After incorporation, the magnetization value of FOMAC

Frequency (arb.u.)

500 nm
Particle Size (nm)

J FOMAC

Frequency (arb.u.)

Fig. 3. Morphology and particle size distribution of (a) Fe30,, (b) FOMAC, and (c) morphology of AC.
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M (emu/g)

T FOMAC

“——

Fe,0,

T

0
H (Oe)

T T T T T T
-30000 -20000 -10000 10000 20000 30000

Fig. 4. Hysteresis curves of Fe304 and FOMAC.

Table 2
Magnetic properties of (a) Fez04 (b) FOMAC.

Sample M, (emu/g) M, (emu/g) H, (Oe) 210

0.005
0.005

1.284
0.549

0.022
0.008

Fes04  24.118 = 0.004 0.022
FOMAC 10.006 = 0.017 0.013

0.015 88.270
0.005 73.277

I+ 1+

*
+

is smaller than that of Fe30,4, which is caused by the presence of MgO
and AC as diamagnetic materials. In addition, factors such as particle
size and shape, crystal structure, and interactions with the matrix
greatly influence the magnetic behavior of the synthesized samples
[52]. However, FOMAC still has strong magnetic properties, enabling
easy separation from the suspension using a magnet. Apart from that,
the magnetic properties of FOMAC also play a role in attracting heavy
metals such as Pb(II) and Cd(II) in the adsorption process, so that the
adsorption capacity increases [37]. The remanent magnetization (M,)
and susceptibility (y) values can be ignored because they have values
close to zero. In addition, the field coercivity (H,) has a value close to
zero Tesla (1 Tesla = 10,000 Oe), so it can also be ignored [53].

3.5. Specific Surface Area of FOMAC Nanocomposites

The Brunauer-Emmett-Teller (BET) method has been used in na-
nomaterial characterization for the past few decades because it is
considered the best method for determining the surface area of mate-
rials. The specific surface area of FOMAC can be calculated by plotting a
graph of the relationship between 1/[Q(P/Py) —1] vs P/P, (Fig. 5) [54].
The graph is linear, as evidenced by the value of R* = 0.9999, and the
slope is y = 0.1399x + 0.0021. The results obtained a specific surface
area of FOMAC of 30.6802m?/g. The surface area of FOMAC is larger
than that of the previous study, which stated the surface area of Fez04
composite AC of 12.04 mz/g [55]. A large specific surface area of ma-
terials can provide more active sites so as to increase the heavy metal
adsorption capacity [56,57].

3.6. Antibacterial Activity of FOMAC Nanocomposites

The FOMAC nanocomposites exhibit excellent antibacterial activity
against E. coli and S. aureus bacteria. FOMAC was able to inhibit E. coli
and S. aureus bacteria with inhibition zone diameters of
(12.49 + 0.48) mm and (14.10 *= 1.56) mm, respectively. Based on
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Fig. 5. A plot of 1/[1/[Q(P/Py)—1] vs P/P,.

the classification of inhibitory responses by the Clinical and Laboratory
Standard Institute (CLSI) [58], this result is classified as resistant.
Theoretically, FOMAC is able to inhibit bacterial growth due to the
electrostatic forces that occur between the nanocomposite and bacteria.
As a result, reactive oxygen species (ROS) are generated, which limit
amino acid synthesis and DNA replication, thereby damaging the core
and pathogenic DNA [59]. The antibacterial mechanism of FOMAC is
shown in Fig. 6.

3.7. Adsorption Performance of FOMAC Nanocomposites on Pb(Il) and Cd
I

3.7.1. Effect of Contact Time and Adsorption Kinetics Model

The performance of FOMAC in adsorbing Pb(II) and Cd(II) was
measured in the time range between 5 and 30 min by controlling the
temperature at 27 °C, initial concentration of 100 ppm, and pH 5
(Fig. 7). The graph shows that as the contact time increases, the ad-
sorption capacity of FOMAC also increases. Adsorption occurs in two

Fe,0,/MgO/AC

. Electrostatic Force
AC

MgO
Fe,0,

Bacteria

»

Damage to
Cell Wall

Denaturation

Fig. 6. Antibacterial mechanism of FOMAC.
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Fig. 7. (a) Efficiency and (b) capacity of adsorption of Pb(II) and Cd(II) by FOMAC with adsorption conditions of temperature 27 °C, solution concentration 100 ppm,

and pH 5.

stages. In the first stage, the adsorption rate is quite fast due to the
availability of many active sites, functional groups, and pores on the
surface of the adsorbent as reported by previous works [43,60]. In the
second stage, adsorption increases more slowly because the active sites
are saturated with increasing contact time. FOMAC reaches equilibrium
after 25 min for Pb(II) with an efficiency of 59.64% and an adsorption
capacity of 9.587 mg/g. Meanwhile, FOMAC reaches equilibrium after
30 min for Cd(II) with an efficiency of 95.91% and an adsorption ca-
pacity of 2.651 mg/g. From the results of the effect of contact time,
adsorption kinetics analysis can be carried out, and the results can be
seen in Table 3.

The adsorption rate of Pb(II) and Cd(II) from water is very im-
portant in treatment processes. This rate determines the efficiency of
FOMAC as a heavy metal adsorbent in water treatment. The pseudo-
second order model is more suitable for the adsorption of Pb(II), and
the pseudo-first-order model is more suitable for the adsorption of Cd
(I) by FOMAC, as evidenced by the R value, which is close to or equal
to 1. These results also indicate that the intraparticle diffusion model is
not suitable [43].

3.7.2. Effect of Temperature and Adsorption Thermodynamics Model

In this work, adsorption experiments were carried out at a tem-
perature range of 25-40 °C (298-313K) to measure the effect of tem-
perature on the adsorption of Pb(II) and Cd(II) by FOMAC by control-
ling the contact time of 15 min, initial concentration of 100 ppm, and
pH 5. In general, there is an increase in the adsorption of Pb(II) and Cd

Table 3
Results of the adsorption kinetics model analysis.

Adsorption kinetic Parameter Heavy metals
model
Pb(ID) Cd(n

Pseudo-first order qe (mg/g) 1.712 2.702
ki (min™") -3.47 x 107™* -0.014
R? 0.356 0.832

Pseudo-second order q. (mg/g) 9.488 3.263
ko (g.mg/min) 3.584 7.83 x 10°
R? 1.000 0.982

Intra-particle diffusion C (mg/g) 9.354 1.057
k; (g/g.min'/?) 0.026 0.314
R? 0.468 0.775

Experimental q. (mg/g) 11.121 3.053
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(II) as the adsorption temperature increases, as shown in Fig. 8. This
means that the adsorption process occurs endothermically. This can
happen because the Pb(II) and Cd(II) ions gain enough energy as the
temperature increases, thus increasing their mobility to interact with
the active sites on the surface of the FOMAC adsorbent. The similar
adsorption trends of Pb(II) and Cd(II) indicate that both are adsorbed at
the same site with electrostatic interactions, identical hydrogen bonds,
or s—it interactions; therefore, they exhibited diverse adsorption per-
formances [61]. Moreover, the best efficiency performance for Pb(II)
for temperature variation measurement was 63.40% with an adsorption
capacity of 11.121 mg/g at a temperature of 40 °C (313 K). Meanwhile,
for Cd(Il), the best results were obtained with an efficiency of 95.84%
and an adsorption capacity of 2.740 mg/g. From the results of the effect
of this temperature, thermodynamic analysis of adsorption can be
carried out, and the results can be seen in Table 4.

The spontaneity and feasibility of Pb(II) and Cd(II) adsorption by
FOMAC can be determined using thermodynamic parameters, as shown
in Table 4. The parameters evaluated at different temperatures indicate
an endothermic reaction as evidenced by the positive AH® values for all
adsorbents. In general, endothermic reactions enhance the adsorption
of pollutants such as heavy metals with increasing temperature. The AS°
values are also positive, indicating the increasing randomness and de-
grees of freedom of Pb(II) and Cd(II) in solution. The adsorption of Pb
(II) and Cd(II) by FOMAC can occur spontaneously as implied by the
negative AG° values [37,43].

3.7.3. Effect of Initial Concentration and Adsorption Isotherm Models

The initial concentration effect on the heavy metal adsorption was
assessed in the range of 20-100 ppm by controlling the contact time of
15 min, temperature of 27 °C, and pH 5. The results are shown in the
graphs in Fig. 9. Both graphs show an increase in the adsorption of Pb
(II) and Cd(II) as the solution concentration increases. This phenom-
enon reveals that the heavy metal adsorption process depends on the
concentration. This adsorbent behavior is also in line with previous
work, which explains that the increase in adsorption capacity as the
concentration of heavy metal solutions increases, associated with high
mass transfer resistance [62]. Moreover, for high concentrations, such
as 100 ppm, more interactions between the adsorbent surface and
heavy metals Pb(II) and Cd(II) were considered. Therefore, at this
concentration, the highest adsorption capacity was successfully ob-
served. The results of measuring the effect of this initial concentration
obtained the best results for Pb(II) with an efficiency of 59.53% and an
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Fig. 8. (a) Efficiency and (b) capacity of adsorption of Pb(II) and Cd(II) by FOMAC with adsorption conditions of contact time 15 min, solution concentration

100 ppm, and pH 5.

Table 4
Results of the adsorption thermodynamic model analysis.

Temperature Adsorption thermodynamic parameters
AH® (J/mol) AS° (J/mol) AG® (J/mol)

C K Pb(ID) Cd(In) Pb(ID) Cd(ID) Pb(II) Cd(In)
25 298 18.209 894.503 0.180 15.302 -2.423 -4.394
30 303 -2.531 -7.825
35 308 -2.569 -8.140
40 313 -2.615 -7.983

adsorption capacity of 9.469 m/g. Meanwhile, for Cd(II) the best results
were obtained with an efficiency of 93.97% and an adsorption capacity
of 3.053 mg/g. From the results of the effect of this concentration, an
adsorption isotherm analysis can be carried out, as shown in Table 5.
The maximum adsorption and interaction mechanisms of Pb(II) and
Cd(II) by FOMAC can be calculated using the Langmuir and Freundlich

isotherm analysis, assessed using the equilibrium data obtained at 27 °C
(300 K). Table 5 shows that the Langmuir isotherm model is more ap-
propriate for Cd(II) and the Freundlich isotherm for Pb(II). These re-
sults indicate that Cd(II) adsorption by FOMAC occurs at active sites on
homogeneous surfaces in monolayer coverage, while Pb(II) adsorption
by FOMAC occurs at active sites on heterogeneous surfaces [37,43].
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Fig. 9. (a) Efficiency and (b) capacity of adsorption of Pb(II) and Cd(II) by FOMAC with adsorption conditions of temperature 27 °C, contact time 15 min, and pH 5.
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Table 5
Results of the adsorption isotherm model analysis.

Adsorption isotherm model Parameter Heavy metals
PbI) Cd(n
Langmuir Qo (mg/g) 0.013 2.003
by, (L/mol) 0.078 17.960
R? 0.272 0.977
Freundlich Ky 124.738 2.207
n 0,771 -7.93
R? 0.037 0.365
Experimental q. (mg/g) 11.121 3.053

3.7.4. Effect of pH

The adsorption of Pb(II) and Cd(II) by FOMAC was evaluated at pH
3,5, 7,9, and 11 by controlling the contact time of 15 min, at a tem-
perature of 27 °C, and an initial concentration of 100 ppm. The results
are shown in Fig. 10. The adsorption capacity of FOMAC tends to be
greater in basic solutions, which is the best result at pH 7 and 9 for Pb
(ID) and at pH 11 for Cd(I). This result is related to the presence of
deprotonation of the adsorbent surface, resulting in increased electro-
static interactions and higher adsorption. At low pH (acidic), the ad-
sorption of Pb(II) and Cd(II) tends to be minimal due to the weak
electrostatic interactions caused by the functional groups on the ad-
sorbent surface being protonated and acquiring a positive charge
[43,63]. At pH 7 and 9, the efficiencies of the adsorbents for Pb(II) are
0.48% with an adsorption capacity of 0.031 mg/g. Interestingly, at pH
11, the efficiency of the adsorbents for Cd(II) wis 98.83% with an ad-
sorption capacity of 2.831 mg/g. The efficiency and adsorption capacity
for Pb(Il) with pH variation were significantly lower compared to
temperature, time, and concentration variations, due to the heavy metal
solution being less homogeneous when acidified with HCl or when
basicized with NaOH, so that the adsorbent absorbs both liquids and
experiences saturation before absorbing Pb(II).

3.7.5. Adsorption Mechanism

The proposed adsorption mechanism for heavy metals Pb(II) and Cd
(ID) is shown in Fig. 11. The FTIR spectrum shows the presence of O-H,
C-H, and C=0 groups on the surface of the adsorbent for the adsorption
of Pb(II) and Cd(II). Fe304 and MgO have high specific surface areas
and surfaces rich in hydroxyl groups O-H which help in the adsorption
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of heavy metals [19]. Likewise, AC can absorb heavy metals Pb(II) and
Cd(II) through highly active surface structure functional groups. Pb(II)
and Cd(II) are heavy metals that are positively charged in aqueous
solution [49]. At a low pH solution (acid), protons are widely available
on the surface of the adsorbent, so that there is ionic repulsion during
adsorption. Conversely, at high pH (base), the surface of the adsorbent
becomes negatively charged so that its adsorption capacity is higher
because there is no ionic repulsion between the heavy metal and the
surface of the adsorbent [64]. At pH above 8, the C-OH bond on the
surface becomes CO™, thereby electrostatic attraction occurs between
the positively charged heavy metal and the negatively charged ad-
sorbent surface, so that the adsorption capacity will increase [43].
Based on the experimental results, the adsorption process follows the
Langmuir isotherm, which shows that the adsorption mechanism is
limited by the monolayer coverage. Furthermore, the thermodynamic
results show that the adsorption process is spontaneous and en-
dothermic [65].

3.7.6. Comparison Study

Tables 6 and 7 show the comparison of the adsorption capacity of
FOMAC with several adsorbents. The tables exhibit adsorption capacity
of FOMAC is one of the highest values reported. FOMAC, consisting of a
combination of Fe;04, MgO, and AC, is a promising agents for water
purification with the advantages of high specific surface area, active
functional groups that increase adsorption capacity, magnetic proper-
ties that facilitate separation from aqueous solutions, and cheap raw
material prices. FOMAC has experimentally shown good adsorption
performance at normal temperatures in several countries, including
Indonesia. This is evidenced by the results of the test parameters of
25 min contact time, temperature 27 °C, initial concentration 100 ppm,
and pH 5 for Pb(Il), obtaining the efficiency and adsorption capacity
59.64% and 9.587 mg/g, respectively. However, for Pb(II), at the same
pH and concentration, and at a temperature of 40 °C with a contact time
of 15min, the efficiency and adsorption capacity are 63.40% and
11.121 mg/g, respectively. Meanwhile, for a contact time of 15 min, a
temperature of 27 °C, an initial concentration of 100 ppm, and a pH of
11, the highest efficiency and adsorption capacity are 93.97% and
3.053 mg/g, respectively. Based on these comparisons, it can be con-
cluded that the FOMAC nanocomposites in this work exhibit superior
adsorption performance than other adsorbents, positioning them as new
bifunctional materials for environmental remediation.
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Fig. 11. Heavy metals adsorption mechanism of FOMAC.

Table 6

Comparison of FOMAC with other adsorbents for Pb(II) removal.
Adsorbent material Adsorption capacity References

(mg/g)
Sugarcane bagasse 0.094 [66]
Brewed tea waste 1.197 [67]
Activated carbon 6.27 [68]
Hydrophilic carbonaceous 8.87 [69]
nanoparticles (SHNPs)

Waste rubber tires 9.6805 [70]
Food-grade k-carrageenan beads 5.48 [71]
Hydrochar pinewood sawdust 2.20 [72]
Agave bagasse 10.9 [73]
sludge-based biochar 7.56 [74]
Fe304/MgO/AC (FOMAC) 11.121 This study

Table 7

Comparison of FOMAC with other adsorbents for Cd(II) removal.
Adsorbent material Adsorption capacity References

(mg/g)
Sugarcane bagasse 0.11 [66]
Brewed tea waste 2.468 [67]
Hyewdrophilic carbonaceous 0.54 [69]
nanoparticles (SHNPs)

Chitosan and coffee powder 0.9970 [74]
Granular sludge-clay 1.53 [75]
Polyamide 1.70 = 0.04 [76]
Polyvinyl chloride 1.04 + 0.03 [76]
Polystyrene 0.76 + 0.02 [76]
Acrylonitrile butadiene styrene 0.25 + 0.01 [76]
Fe304/MgO/AC (FOMAC) 3.053 This study

4. Conclusions

FOMAC was successfully synthesized from natural iron sand and
coconut shell with unique characteristics in the form of an inverse cubic
spinel structure for Fe,0, and a face-centered cubic structure for MgO
with crystallite sizes of 12.85nm and 36.06 nm, respectively.
Furthermore, FOMAC has spherical and chunk morphology at the na-
noscale. The formation of FOMAC was also indicated by the emergence
of functional groups of Fe-O, Mg-0, and C=C, suggesting effective
interactions among the constituent materials. FOMAC also has a high
specific surface area of 30.6802 m?/g and superparamagnetic behavior
with a saturation magnetization of 10.006 emu/g, which facilitates
separation after adsorption. Interestingly, FOMAC demonstrated bi-
functional performance in environmental remediation with strong an-
tibacterial activity, forming inhibition zones of 12.49 mm against E. coli
and 14.10 mm against S. aureus, as well as outstanding heavy metal
removal capabilities of 63.40% for Pb(II) and 98.83% for Cd(II). Thus,
the final findings suggest that FOMAC can play a dual role as an

adsorbent for heavy metals Pb(II) and Cd(II) and as an antibacterial
agent in aquatic systems, making water more suitable for humans and
other living things.
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