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Graphical abstract Abstract

In recent years, the rapidly growing industry has also harmed aquatic
life due to water pollution, especially heavy metal pollution. Herein, the
CoxFes xO4/InO/activated  carbon  (AC) nanocomposite  was
synthesized via the coprecipitation and sol-gel methods to apply as a
copper adsorbent. X-ray diffractometry revealed the cubic spinel
crystal structure of CoxFesxOs and the hexagonal wurtzite structure of
ZnO. Examination under scanning electron microscopy depicted the
morphology of the samples as comprising spheres, sheets, and chunks.
The spherical nanoparticles exhibited an average particle size of
45.08-65.36 nm. Fourier fransform infrared spectra confirmed the
presence of all components within the nanocomposite, including
CoxFesxOs, InO, and AC. Analysis using a vibrating sample
magnefometer indicated the superparamagnetfic nature of the
nanocomposite, 11.069-23.514 emu/g with magnetic saturation value.
To assess the influence of Co composition, adsorption experiments
97.50 r r r r r r r r were conducted with varying contact time intervals. Remarkably,
0 3 60 9 120 15 180 210 240 these experiments demonstrated the copper removal efficiencies of
Contact Time (minutes) samples S1-S4 was 9969%, 99.86%, 99.76% and 99.92%, respectively,
while the best copper removal efficiency of 99.96% was achieved by
sample S5, with 11.00 mg/g maximum adsorption capacity. Thus, the
CoxFes x04/InO/AC nanocomposite demonstrates significant potential
as a novel material for copper removal in adsorption applications.
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1.0 INTRODUCTION

In recent years, the transition to Industry 4.0 and the
impending shift to Industry 5.0 have been witnessed
globally, marked by rapid industrial development,
including the mining sector. However, this
accelerated growth has exacerbated water
pollution [1]. Heavy metal contamination represents
a significant portion of this pollution [2], posing a
critical threat due to the toxicity, nondegradability,
and bioaccumulation of heavy metals, endangering
human health and environmental safety [3].
Particularly, copper pollution in river bodies has been
recorded at 0.413 mg/L average concenfration,
surpassing government regulatory limits [4], whereas
the standard for acceptable copper concentration
in river water is recognized at 0.02 mg/L [5].
Consequently, effective waste management is
crucial, especially before disposing waste in river
bodies. The use of adsorption with adsorbent
materials has been a favored approach owing to its
easy synthesis process, cost-effectiveness, and high
efficiency at low concentrations [6]. The widespread
availability of adsorbent materials, such as carbon
mafterials, polymers, zeolites, and nanomaterials,
further promotes the application of this method [7].

Ferrite nanoparticles, especially cobalt ferrite
(CoxFesxQ4), have garnered attention as promising
adsorbents for copper metal [8]. Among various
ferrite materials, CoxFes.Os is widely acknowledged as
an adsorbent due to its chemical stability,
mechanical strength, and high magnetization, which
enables rapid accumulation after distribution in
water [?], [10]. Additionally, CoxFesxO4 offers the
advantages of being easily separated from the
contaminant and reusable under an external
magnetic field, which has a positive environmental
impact [11]. A study reported successful copper ion
adsorption using CoxFes«Os, achieving equilibrium
within 300 min with removal efficiency of copper
99.5% [12]. However, CoxFesxOsnanoparticles tend to
agglomerate in solution owing to magnetic bonds,
impacting their adsorption efficacy and dispersion
stability [13]. Thus, this study infroduced ZnO info the
composite system to enhance adsorption properties.
ZnO offers a high surface area, porosity, antimicrobial
activity, nontoxicity, simple synthesis, and various
functional groups conducive to heavy metal
adsorption [14-16]. Leiva et al. stated that ZnO
nanoparticles removed copper ions with a maximum
adsorption capacity of 47.5 mg/g and a removal
efficiency of 98.4% [15]. Goyal ef al. also observed
that ZnO/Fes0O4 composites effectively removed
copper ions over 480 min, with adsorption efficiency
of 37.66% [17].

Furthermore, the CoxFesxO4/InO nanocomposite
adsorption performance can be enhanced by
incorporating a highly porous material such as
carbon. Activated carbon (AC) is an effective
adsorbent for heavy metals in industrial wastewater,
attributed to its expansive surface area, microporous
stfructure, high surface reactivity, and superior

adsorption qualities [18]. AC is known to be capable
of adsorbing copper ions, with a maximal adsorption
capacity of 57.39 mg/g within 120 min [19]. Another
research revealed that the removal of copper using
AC reached an equilibrium time 12 h with a removal
efficiency 63% [20].

Therefore, in this work, the use of
CoxFesx04/InO/AC  nanocomposite as copper
adsorbent is unique because it offers advantages in
efficiency, cost-effectiveness, and good
environmental impact, making it expected to be
ufilized as an alternative for wastewater treatment.
Interestingly, the present study utilizes iron sand and
coconut shells to produce CoxFezxOs for AC
synthesis. Iron sand is a verified source for producing
high-purity CoxFesxO4 [21], while coconut shells were
selected because of their advantageous natural
structure and low ash content [22]. These natural
precursors made CoxFesxOs4 and AC low-cost,
because they are relativity abundant in nature and
cheap [23]. Despite numerous studies on copper
metal adsorption, research on the development of
CoxFes x0O4/InO/AC nanocomposite as a copper
adsorbent  remains limited. Consequently, this
investigation examines the impact of varying cobalt
molar fractions on the structural characteristics,
morphology, functional groups, and magnetic
properties of nanocomposite. Furthermore, it explores
their relationship with the adsorption efficiency of the
nanocomposite in removing copper heavy metal.

2.0 METHODOLOGY

2.1 CoxFe3xO4/InO/AC Nanocomposite Synthesis

The materials ulilized for synthesizing the
CoxFesx04/InO/AC nanocomposite included iron
sand, coconut shell, hydrochloric acid (HCI) 12M,
cobalt (I chloride hexahydrate (CoCl2.6H20),
ammonium hydroxide (NH4OH) 6.5 M, zinc acetate
dihydrate, sodium hydroxide (NaOH), copper sulfate
(CuSQs4), deionized water, and distiled water. This
study prepared CoxFesxO4 with molar fractions of x =
0, 0.2, 0.4, 0.6, and 0.8 via the coprecipitation
method, as delineated in a preceding study [24].
Initially, the iron sand was dissolved in HCI and stirred,
forming an iron chloride solution. Subsequently, the
iron chloride solution was combined with CoCl2.6H20.
The mixture was then fitrated with 25 mL of NHsOH
under stiring.  Posttitration, the solution was
repeatedly washed until the precipitate reached
neutrality. The precipitate was then separated and
dried at 100°C for 1 h. Concurrently, the synthesis of
ZnO nanoparticles involved dissolving zinc acetate
dihydrate in deionized water and reaction using
NaOH, with the steps followed by our previous study
[25].

The synthesis of coconut shell-based AC
commenced with burning the coconut shell fo
charcoal, which was then crushed and calcinated at
400°C for 5 h. Thereafter, the CoxFesxO4/InO/AC



933 Falichal et al. / Jurnal Teknologi (Sciences & Engineering) 87:5 (2025) 931-938

nanocomposite  was synthesized by dissolving
CoxFesxO4 in 25 mL distilled water and stirred for 1 h,
then mixed with ZnO powder and sfired for an
additional hour. Subsequently, coconut shell-based
AC powder was added to the CoxFesz«O4/InO
solution, stirred for 90 min, and dried at 100°C. Each
sample of the CoxFesxO4/InO/AC nanocomposite
was labeled S1-S5, corresponding fo the molar
fraction variations of x =0, 0.2, 0.4, 0.6, and 0.8.

2.2 Characterization

X-ray diffractometry (XRD) characterization of the
CoxFesx04/InO/AC nanocomposite was conducted
using a PANanalytical X'Pert Cu-Ka radiation to
determine its crystal structure. The functional groups
were identified using Fourier transform infrared
spectroscopy (FTIR) Merk Shimadzu IR Prestige 21. The
surface morphology was examined under the
scanning electron microscopy (SEM) Merk FEI-
INSPECT-S50. The magnetic  properties were
characterized using vibrating sample magnetometry
(VSM). For the adsorpfion experiments, 0.05 g of
CoxFesxO4/InO/AC nanocomposite was reacted
with 25 mL of copper solution and stired at varying
contact durations of 15, 30, 60, 120, and 240 min. The
solufion and residue were then separated, and the
filtrate was characterized using atomic absorpfion
spectrophotometry (AAS). The adsorpfion capacity
(gt) and copper metal sorption efficiency (%) were
calculated using Equations (1) and (2).

gt = (Co-Ct)/mxV (1)
%Adsorption = (Co-Ct)/ Cox100% (2)

where (qi) denotes the adsorption capacity, Co
represents initial solution concentrations (mg/L), Ct
residual solution concentrations (mg/L), m shows the
adsorbent mass (g), and V is the volume of solutions
(liter).

3.0 RESULTS AND DISCUSSION

The XRD pattern of all  CoxFesxO4/ZnO/AC
nanocomposite samples is presented in Figure 1,
suggesting that the diffraction peaks correspond to
FesO4 with cubic spinel inverse structure (AMCSD No.
0002402) and ZInO with the hexagonal wurtzite
structure of (AMCSD No. 0011555). In addition, Figure
1 (a) depicts the CoxFesxO4 diffraction peaks from S1
sample observed at 26 30.29°; 35.68°; 43.37°; 53.82°;
57.22°; 63.02°, which successively occupy the hkl
planes of (220), (311),(400),(422),(511), and (4
4 0), respectively. Moreover, the diffraction peak of
ZnO was observed at 20 31.79°; 34.48°; 36.28°; 47.60°;
56.63°%; 62.96°, representing the hkl planes of (0 1 0), (0
02),(011),(012),(110), and (01 3). Notably, the
peak shifts toward a lower angle at the Bragg plane
(31 1) (Figure 1 (b)) are attributable to the increase in
the interplane distance (d) in the spinel structure [26].

This is consistent with the increasing lattice parameter
of CoxFesxO4, following the accelerated molar
fraction of Co from 8.358 to 8.376 A. This increase in
laftice parameter correlates with the presence of the
Co?* ion (74 pm), successfully replacing parts of the
Fes* ion (69 pm) in tetrahedral and octahedral sites
[27]. This enhanced lattice parameter aligns with the
Vegard Law [28]. Moreover, the lattice parameter of
InO tends to be constant, ranging from a = b =
3.250-3.255 A and c = 5.202-5.214 A. The crystallite
size of CoxFesxOs and ZnO ranges between 9.94-
11.77 nm, whereas their lattice parameters (a = b = ¢)
range 8.358-8.376 A (Table 1).

Fa =.r.?"[‘|:D;-_:|+ {J_ —_r}.:"‘l.f:__P_.;_:I (3)

rs = 3 Lrpeey + (1= )y 4 6ras] (4)

where ra denotes the ionic radius at the fefrahedral
sife, rs indicates the ionic radius at the octahedral
site, and x represents the cation concentration.
Furthermore, the values of tetrahedral (ra) and
octahedral (r8) ionic radii are calculated from
Equations (3-4). Based on Table 2, it's known that
both the ionic radii increase with the higher molar
fraction of Co. Therefore, the Co ions successfully
successfully replace Fe ions in tetrahedral and
octahedral sites of FezO4 with cubic spinel structure.

Table 1 Crystallite Size and Lattice Parameters of CoxFes
xO4/InO/AC Nanocomposite

Crystallite size (nm) Lattice Parameter (A)

Sample COxFe3- ZnO
CoxFes.xOs InO xO4
a=b=c a=b c

S1 9.94 18.03 8.358 3.250 5.210
S2 10.59 19.92 8.364 3.251 5.211
S3 11.28 19.95 8.366 3.253 5.212
S4 11.32 20.43 8.374 3.254 5.213
S5 11.77 21.38 8.376 3.255 5.214

Table 2 lonic Radius of CoxFesxOsNanoparticle

Sample 1A (A) 1B (A)
S 0.64 0.69
S2 0.66 0.70
3 0.68 0.71
S4 0.70 0.72
S5 0.77 0.73

Figure 2 illustrates the surface morphology of the
CoxFesx04/InO/AC nanocomposite, revealing three
distinct morphologies: spherical, sheet, and chunks. The
analysis of the spherical yielded an average particle
size of 45.08-65.36 nm (Figure 2). This range aligns with
previous reports of Fes04/ZnO particle sizes between 48
and 67 nm [29] Notably, the observed particle size is
larger than the crystal size indicated by XRD analysis,
possibly due to the agglomeration originating from the
strong interactions between particles due to van der
Waals forces and magnetic dipolar interactions [30].
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Figure 1 Diffraction Pattern of CoxFesxO4/ZnO/AC
Nanocomposite (a) and Magnification of Diffraction
pattern on the hkl plane (311) (b)

The FTIR characterization of the functional groups
of the CoxFesxO4/ZnO/AC nanocomposite is shown in
Figure 3. The figure reveals the presence of O-H
stretching of the carboxyl functional group at 3,500
cm™, indicative of residual water in the sample [31].
The vibration peaks of the C-H bond were observed
at 2,884 and 2,831 cm™!, consistent with previous
findings that identified C-H bond vibrations at 2,921
and 2,852 cm™! [32]. Additionally, the vibration bonds
of C=0, C=C, and C-O were detected at 2,314,
1,640, and 1,503 cm-!, respectively [33, 34], with
peaks of C=0O bond detected at 1,390 cm™! [33].
Furthermore, the vibration of the C-Hs bond was
identified at 1,360 cm~'. The C-H bond out-of-plane
bending was observed at 990 cm-!, aligning with
another study that reported similar vibrations at 866—
899 cm~1[35].
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Figure 2 The Size Distribution Histogram of CoxFes
xO4/InO/AC Nanocomposite

Furthermore, two vibration peaks were observed
at 698-688 and 418-415 cm™!, representing the metal
oxide (Fe-O) bond at tetrahedral and octahedral
sites. Another research reported the emergence of
Fe—O vibration at 589 and 417 cm™! [36]. In this case,
the blue shift phenomenon occurs and the FTIR
absorption shifts to high wavenumbers owing fo a
reduction in particle size, enhancing the forces on
the surface of the nanoparticles [37]. Moreover, the
Zn-0O vibration bond was observed at 514 cm-'. The
appearance of this Zn-O vibration has been
confirmed by a study reporting the vibration at <580
cm™! [38].
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Figure 3 FTIR Spectra of CoxFesxO4/ZnO/AC Nanocomposite

The magnetic properties of the
CoxFesx04/InO/AC nanocomposite were evaluated
using VSM, with the hysteresis curves (Figure 4). These
curves exhibit an S-shape, characterized by
remanent magnetization (Mr) and coercivity (Hc)
values that are negligible, confiming the
superparamagnetic nature of all samples. This
superparamagnetism is aftributed fo the reduced
particle size and increased surface area [39]. Further
analysis of the M-H curve using the Langevin method
with suscepfibility [25] revealed a decrease in
magnetic saturation (Ms) with an increase in Co
dopant, ranging from 23.514 to 11.069 emu/g. The
comprehensive analysis is detailed in Table 3. The
reduction in saturation magnetization is ascribed to
the successful substitution of Co2* for Fe3* ions in the
tefrahedral (A) and octahedral (B) sites of the CoxFes-
xO4 system (Equation (5)). The infroduction of Co2*
intfo these sites reduces the magnetfic moment, given
that the magnetic moment of Co?* (3 uB) is lower
than that of Fe3 (5 uB) and Fe2* (4 uB) [40].
Additionally, the decline in saturation magnetization
may be linked to an increase in particle size
distribution with higher Co doping. This correlation is
consistent with previous findings that magnetization
values decrease with increased particle size, a result
of heat-induced redistribution of Fe ions [41].

(COl—xFex)A (COXFGQ—X)B (5)

Table 3 Saturation Magnetization of CoxFeszxO4/ZnO/AC
Nanocomposite

Ms Mr Hc (T) %
Sample (emu/g) (emu/g)
S1 23.514 0.009 0.041 0.841
S2 14.796 0.010 0.046 0.860
S3 22.729 0.011 0.052 0.805
S4 11.069 0.004 0.058 0.891
S5 18.468 0.019 0.071 0.925

. M (emul/g)
. M (emuig)

M (emulg)
M (emu/g)

3 2 A [] 1 2 3
wH (T)

Figure 4 Hysteresis Curve of CoxFesxO4/InO/AC
Nanocomposite

The copper metal uptake was assessed via batch
adsorption experiments, where the metal uptake was
examined over varying contact fimes, 15-240 min,
starting with an initial copper concentration of 22.02
mg/L. Figure 5 presents these observations,
demonstrating that the CoxFesx0O4/InO/AC
nanocomposite is capable of removing copper
metal with an efficiency of up to 99% within 15 min of
contact. This efficiency remains relatively constant in
subsequent intervals. Notably, there is no significant
change in metal removal percentage as contact
fime extends from 15 (S1 = 99.3%) to 240 min (S2 =
99.6%). These results suggest that copper uptake
reaches equilibrium after 15 min of contact time. The
maximal adsorption capacity observed for samples
S1-S3 at 240 min of contact fime is 10.978, 10.996,
and 10.987 mg/g. with efficiencies of 99.69%, 99.86%,
and 99.78%, respectively. Conversely, samples S4 and
S5 demonstrate moximum adsorpfion capacities of
11.002 and 11.006 mg/g at contact times of 120 and
60 min, respectively, with an efficiency of 99.92%.
These analytical results are consolidated in Table 4.
Accordingly, sample S5 exhibits the highest copper
metal removal efficiency and capacity, identifying
60 min as the optimal contact period. During
adsorption, interactions and collisions occur between
metal ions and the adsorbent. Thus, an increase in
contact time can enhance interactions, potentially
disrupting molecular bonds and providing active sites
for the adsorption of metal ions [42].
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Figure 5 Curve of The Effect of Contact Time on Copper
Removal Efficiency by CoxFesxO4/ZnO/AC Nanocomposite

Adsorption is defined as the fransfer of a
substance (adsorbate) from a gaseous or liquid
phase to a solid or liquid phase (substrate), leading to
the formation of a thin molecular layer via physical or
chemical interactions [43]. Metal ion absorption is
typically categorized into physical (physisorption)
and chemical (chemisorption) adsorptions, based on
the nature of interaction between the adsorbent and
adsorbate molecules [44]. Physisorption involves
weak electrostatic interactions such as van der
Waals interactions, dipole—dipole forces, and London
forces. In contrast, chemisorption includes the
covalent bonding of adsorbates to the substrate
through fransfer steps, with interactions typically
being twice as strong as those in physisorption [45].
The adsorption process typically includes several
stages. The initial stage, external mass fransfer,
involves the movement of the adsorbate to the
exterior of the adsorbent, followed by infraparticle
diffusion, where adsorbate molecules diffuse to the
surface and pores of the adsorbent. Subsequently,
the adsorbate molecules adhere to the adsorbent
surface at active adsorption sites [46, 47].

4.0 CONCLUSION

The CoxFesxO4/ZnO/AC nanocomposite synthesis has
been confirmed through the identification of two
distinct diffraction peak phases: the FezO4 phase with
a cubic inverse spinel structure and the ZnO phase
with a hexagonal wurtzite structure. Observations
indicate an increase in the crystallite size of CoxFes.
xO4 and ZnO with high Co?* ion concentrations.
Moreover, the substitution of Co?* ions in Fe3Os is
evidenced by increasing lattice parameter, as
indicated by the shift of the FesO4 diffraction peak to
a small angle. SEM analysis of the CoxFe3xO4/ZnO/AC
nanocomposite reveals morphologies of spherical,
sheet, and chunks, with an average particle size of
45.08-65.36 nm. The FITIR test results identified the
presence of Zn-O, Fe-O (octahedral), and Fe-O

(tetrahedral) bond functional groups at wave
numbers 441, 415, and 506 cm™!, respectively.
Additionally, the C-O-C bond, characteristic of the
presence of AC, was observed at 1,181 cm™!. The
magnetic properties of the nanocomposite are
identified as superparamagnetic, with an 11.069-
23.514 emu/g magnetic saturation value. AAS
characterization reveals that the percentage of
copper metal removal does notf significantly vary
with increased contact time or Co?* molar fraction.
Ultimately, copper uptake reaches equilibrium at a
contact time of 15 min, achieving 99% adsorption.
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