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ARTICLE INFO ABSTRACT

Keywords: High concentrations of Cd (II) in wastewater have been reported several times which attracted top research

Adsorbent attention to mitigate the pollution impacts of the contaminant. Therefore, this study aimed to develop a Zn-

Heavy metal doped NiFe;03 pinecone biochar composite (ZNiF@PB) for the adsorption of Cd (II) from wastewater. FTIR

Ezles:;m confirmed immobilization of PB on the surface of ZNiF by the presence of C = O at 1638 cm ™!, COOH at 1385

. cm™, C-O at cm™ and Fe-O at cm . Similarly, etermined the crystallite structure of the ad-

Y 1 C-0 at 1009 cm™! and Fe-O at 756 cm ™. Similarly, XRD d ined the crystalli f the ad
Thermodynamics

sorbents where the ZNiF crystallite size of 43 nm was obtained while the particle size of ZNiF@PB was found to
be 38 nm. These XRD results agreed with those values obtained from TEM images showing ZNiF and ZNiF@PB
had a spherical shape with similar particle sizes. On the other hand, the surface areas of ZNiF, PB, and ZNiF@PB
were found to be 78.4 m?/g, 125 m%/g, and 104 m?/g, respectively. These high surface areas have a huge po-
tential to enhance Cd removal. With these adsorbents, the maximum Cd (II) adsorption of 96% was recorded at
the optimum experimental condition of adsorbent dosage 0.5g/50 mL, solution pH 6, initial Cd (II) concentration
100 mg/L, and contact time 120 min. Practical adsorption kinetics data were well described by the pseudo-
second order model whereas the adsorption isotherm was a perfect fit to the Langmuir isothermal model
implying the adsorption process to be a monolayer with mainly a chemically bonded mechanism. In conclusion,
this adsorbent is efficient for the adsorption of Cd (II) from wastewater and has also a huge potential to be
applied for industrial-scale water purification.

Water treatment

1. Introduction

The rapid increase in chemical industries has resulted in the
continuous production of wastewater that contains high concentrations
of toxic contaminates. In particular, heavy metals are nondegradable
and can pass through the food chain to cause biological magnification.
This, in turn, may adversely impact public and environmental health.
Chromium, arsenic, lead, and cadmium are some of the heavy metals
present in water bodies (Mitra et al., 2022; Qi et al., 2024). Cadmium
particularly has more severe effects compared to other heavy metals
(Mitra et al., 2022). It emanates from industries such as the mining
sector, metal electroplating, smelting, tanning, paints, zinc sulfide ores,
batteries, industrial processes, and pigments (Limmun et al., 2024).

* Corresponding author.
** Corresponding author.

Similarly, pesticides and fertilizers increase cadmium-containing
effluent, especially in countries that practice most agricultural activ-
ities (Limmun et al., 2024). The acceptable concentration of cadmium in
drinking water by the World Health Organization (WHO) is 0.005 mg/L
(Limmun et al., 2024). However, the cadmium concentration in
contaminated wastewater is between a few mg/L to >150 mg/L
(Nakajima et al., 2022; Zeng et al., 2019). Therefore, to investigate, the
best test for the treatment of high-concentration cadmium-containing
wastewater effluent was 150 mg/L. There are many health effects
associated with breathing air containing cadmium, ingesting food, and
drinking water with high concentrations of cadmium (Limmun et al.,
2024). Short-term exposure to cadmium can cause skin, eye irritation,
and nausea, while long-term contact causes cancer and damages the
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spinal cord, brain, nervous system, and internal organs of both humans
and aquatic organisms (Alorabi et al., 2022; Chatzimichailidou et al.,
2023; Shakya et al., 2022).). Therefore, it is necessary and of great ur-
gency to develop highly efficient and economical treatment methods for
cadmium-containing wastewater.

Various water treatment techniques including membrane filtration,
chemical precipitation, coagulation-flocculation, ion exchange, and
adsorption are explored and applied to eliminate toxic cadmium from
effluents (Fito et al., 2023a; Limmun et al., 2024; Mitra et al., 2022; Qi
et al., 2024). However, most of them have major drawbacks including
chemical precipitation that requires large settling tanks, ion exchange is
limited by regeneration problems, coagulation-flocculation is disad-
vantaged by low removal efficiency and chemical requirements, and
membrane filtration shortcomings involving the production of large
amounts of sludge, as well as the cost challenges associated with sludge
disposal (Azari et al., 2015). Furthermore, high initial and operational
costs, high energy consumption, and poor selectivity have also been
reported (Kakavandi et al., 2018; Omidinasab et al., 2018). Among these
methods, adsorption is considered one of the most effective and efficient
routes based on the advantages of simplicity of design,
cost-effectiveness, flexibility, high pollutant removal, less toxicity, and
good reusability (Kakavandi et al., 2018; Limmun et al., 2024; Mas-
soudinejad et al., 2015). To fully explore the advantages of adsorption,
an appropriate adsorbent must be used (Kakavandi et al., 2014; Masuku
et al., 2022; Qi et al., 2024). An ideal adsorbent must possess a high
surface area, rapid adsorption, high performance, cost-economical, less
toxicity, ease of separation, and must be reusable (Babaei et al., 2015;
Moges et al., 2022). For the removal of cadmium from wastewater,
commonly investigated adsorbents include carbon nanotubes, zeolites,
activated carbon, clay minerals, organic polymers such as resins, chi-
tosan, char ash, biochar, and metal oxides, etc. (Abolfazli Behrooz et al.,
2023; Amen et al., 2020; Bai et al., 2023; Deng et al., 2019; Hu et al.,
2022; Qi et al., 2024; Singh et al., 2018). Most of these adsorbents have
shown good adsorption efficiencies in eliminating metals from aquatic
resources, for example, activated carbon (Fito et al., 2023c). However,
activated carbon has certain limitations and these limitations have
therefore driven researchers to the new generation of adsorbents called
metal oxides. Metal oxides are classified as orthoferrite (MFeO3), garnet
(M3Fes012), hexagonal crystal structure (BaFe;5019 and SrFe;5019), and
spinel ferrite MFe;O4 (Herein, M = Mg, Cu, Ni, Co Zn, etc.). The first and
most promising choice of newly developed metal oxides for the removal
of cadmium from wastewater is spinel ferrite. In the spinel structure, the
divalent M" is occupied at the tetrahedral site, while the trivalent Fe>*
is placed at the octahedral site (Dehghani Dastjerdi et al., 2023). Thus
far, this nanoadsorbent shows the most promise because of its excellent
properties, such as superparamagnetic properties, tunable morphology,
sizeable surface area, plenty of sorption sites, high pollutant removal
efficiency, simple separation with magnet substance, and reusability
(Olfatmehr et al., 2022; Punia et al., 2022; Tatarchuk et al., 2021).
Regrettably, the use of spinel ferrite is limited by its nonselective nature
and poor stability in aqueous solution, as its particles become easily
aggregated, which equally affects their adsorption efficiency (Limmun
etal., 2024). However, the drawbacks of this adsorbent can be curbed by
the necessary surface modification. Therefore, effective surface modifi-
cation for spinel ferrite nanoparticles using a green material such as
biochar that has many effective oxygen groups, including ketones,
carboxyl, hydroxyl, amines, etc. has drawn increasing interest in water
research. Generally, biochar is a carbonaceous material obtained from
the pyrolysis of biomass from sustainable sources (Ahmed et al., 2023;
Wang et al., 2021). It has multiple advantages, such as porous structure,
environmental friendliness, and easy preparation (Ahmed et al., 2023;
Wang et al., 2021). Many biochar adsorbents that have been used
include rice husk, banana peels, coconut shells, pine bark, orange peels,
avocado peels, ground nut shells, and pinecones with high affinity for
heavy metals (Ahmed et al., 2023; Bai et al., 2023; Lee and Park, 2020;
Shakya et al, 2022; Van Vinh et al, 2015). However, the
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physicochemical properties of biochar and their adsorption properties
towards a specific heavy metal differ based on their biomass sources.
The interaction between spinel ferrite and biochar has been reported in
previous work for the removal of heavy metals from wastewater. For
example, MnFe,;04/Zn-Fe/rice straw was used to remove cadmium ions
and recorded 75.1% [17], MnFey04-Zn-Fe/soybean straw used to
remove 76.9% of cadmium from wastewater [17], MnFeyO4~Zn ferri-
te/pine sawdust was used to remove 80.1% lead from wastewater [35],
Fe-Mn/Rice straw used to remove 92.2% cadmium [89]. Similarly,
91.6% of cadmium was removed by MnFe;04/pine sawdust (Niu et al.,
2020), 76.5% of nickel was adsorbed with MgFeAlO4/rice bran biochar
(Guo et al., 2020), 95% of Cr(VI) and As(V) was eliminated using
FeoOg/raspberries stalks (Dobrzynska et al., 2022), 99.8% of As(IIl) was
adsorbed by CuFe,O4@pine sawdust (Wang et al., 2023), and 92.4%
silver was trapped using CoFe;04/Citrus sinensis/Citrus reticulata peels
(Mahmoud et al., 2022). Based on these results, it is fair to assume that
the use of spinel ferrite-coated biochar as an adsorbent is a promising
material for future wastewater treatment applications if it is explored
fully. However, the effectiveness of the adsorbent could be attributed to
the properties of the individual materials. For example, spinel ferrite has
good magnetism, and biochar has a porous structure and effective ox-
ygen groups. Therefore, the interaction between these two adsorbents
can form a nanocomposite with unique features, superior stability,
excellent magnetic properties, good surface structure, low ecotoxicity,
and easy separability (reusability). This feature can improve the sorp-
tion performance. Furthermore, this adsorbent has low toxicity levels
and is environmentally friendly (Fito and Nkambule, 2023; Masuku
et al., 2024). Although many spinels of ferrite@biochar have been re-
ported in the literature, limited information from the search database on
the application of zinc-doped nickel ferrite (ZNiF) nanoparticles modi-
fied by biochar has been available, which points out a research gap in
this technology. The lack of previous studies on ZNiF@biochar adsor-
bents is the driving force for this study to close the research gap.
Conclusive evidence from the literature suggests that ZNiF@biochar is
suitable for cadmium adsorption research work and has been scarcely
reported. Herein, pristine Zn-doped ZNiF and pine cone biochar (PB)
were reported in the study. In addition, a simple two-step method was
employed to prepare ZNiF@PB) for the adsorption of cadmium from
wastewater. Fundamentally, the Zn-doped NiFe;O4 ferrite material is
chemically stable which is an excellent choice for the fabrication of an
environmentally functional adsorbent that will not result in secondary
contamination (Ahangari et al., 2019). Furthermore, Zn-doped NiFe;O4
has a high saturation magnetization; therefore, the magnetic separation
of the adsorbent after application can be carried out efficiently through
the support of an external magnetic field. This will allow the magnetic
adsorbent to be recycled several times, solving the drawbacks of biochar
materials, which include the fact that it is not easily separated after
applications and requires complex procedures. Furthermore, the addi-
tion of Zn-doped NiFe;O4 to pinecone biochar can change the carbon-
ization material of pinecone and give more surface area and more active
sites for sorption purposes (Ahangari et al., 2019; Kang et al., 2022).
Therefore, this study aimed to develop a Zn-doped NiFe;O4- pinecone
biochar composite (ZNiF@PB) for the adsorption of Cd (II) from
wastewater. The study further optimized the adsorption parameters
using the pH of the solution, the initial concentration, the dose of
adsorbent, the temperature, and the contact time. The adsorption ki-
netics, isotherms, and adsorbent regeneration were also evaluated to
determine the adsorption nature and reusability study.

2. Materials and methods
2.1. Materials
The chemicals such as Fe(NO3)3-9H,0 (>98.0%), Zn(NO3)5-6H20

(>99.0%),Ni(NO3)2-6Ho0 (>99.0%) and Cd(NO3)z-4H20(>99.0%)
were purchased from Sigma-Aldrich. The reagents were used in their
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purest form. Distilled water was used to prepare the solutions. The
pinecone biomass used to produce biochar was collected from Andries
Potgieter Boulevard, Vanderbijlpark Gauteng province in South Africa.
Pyrolysis was performed in a laboratory at the School of Science, En-
gineering, and Technology of the University of Florida of Science and
Technology in Johannesburg.

2.2. Synthesis of ZNiF@PB

ZNiF@PB was synthesized using a method optimized and described
by Masuku et al. (2024). Briefly, ZNiF@PB was synthesized by
combining two-step synthesis methods. First, pinecone biomass was
ground to smaller sizes and pyrolyzed at a temperature of 525 °C in a
muffle furnace for 180 min at a heating rate of 6 °C/min that was cooled
under ambient conditions for 120 min in a desiccator (Masuku et al.,
2024). The coprecipitation synthesis of ZNiF was performed by dis-
solving Ni(NO3)2/Zn(NO3), and Fe(NO3)3 (mole ratio, 1:2) in distilled
water (100 mL). Under robust stirring and heating (80 °C), NaOH (2 M)
was added dropwise to the metal solution to achieve pH 11. Then the
blackish-coloured precipitate formed was washed and dried repeatedly
at 105 °C for 12 h. The black powder was called ZNiF and was calcined
(180 min at 500 °C at a rate of 5 °C/min) (Masuku et al., 2024).
Therefore, ZNiF@PB was prepared by combining PB and ZNiF and dis-
solving them in 50 ml of distilled water. This solution of ZNiF@PB was
heated to 80 °C while stirring for 30 min. Distilled water and ethanol
were used to recurrently wash the precipitate formed, which was later
dried under conditions similar to those of ZNiF.

2.3. Adsorbent characterization

The properties of the ZNiF, PB, and ZNiF@PB adsorbents are key
factors for adsorption studies. Therefore, analytical techniques were
used to determine the physicochemical properties of the adsorbent
under investigation. Fourier transform infrared (FTIR) (PerkinElmer,
Germany) within wavelength ranges of 4000 cm™! to 400 cm™! to
identify the chemical functional group of ZNiF, PB, and ZNiF@PB
(Masuku et al., 2024). Before analysis, the KBr pellet procedure reported
by Masuku et al. (21) was used. The Raman spectrometer was used to
determine the rotation of vibration modes of the D and G bands of the
adsorbents using a WITec Raman spectrometer (Alpha 300, TS 150)
GmbH, Germany. The magnification of this Raman spectrometer anal-
ysis was 100x with a laser power of 532 nm (Mmelesi et al., 2022).
Brunauer Emmett Teller (BET) calculated the surface area of ZNiF, PB,
and ZNiF@PB using Quantachrome Autosorb-iQ, Anton Paar GmbH,
Graz, Austria (Mokubung et al., 2024). The crystallinity of ZNiF, PB, and
ZNiF@PB was determined using a Rigaku Smart Lab (XRD) X-ray
diffractometer from Japan (A = 0.154 nm, 20 = 20-80°(Cu — Ka radia-
tion) (Mokubung et al., 2024). A thermogravimetric study (TGA) was
used to determine the thermal stability of ZNiF, PB, and ZNiF @ PB
(Masuku et al., 2024). The thermal evaluation was carried out in an inert
environment using the instrument TGA 5500 (TA Discovery) at
10 °C/min (Mmelesi et al., 2023). Scanning electron microscopy (SEM)
and elemental analysis (EDS) were used to examine the surface mor-
phologies of ZNiF, PB, and ZNiF@PB and the elemental compositions,
respectively (Masuku et al., 2024). SEM (JEOL JSM — 7800F) coupled
with a Thermo Scientific Ultradry EDS detector (Japan) was used for this
analysis (Masuku et al., 2024). It should be noted that the samples before
analysis were coated with gold and that was done to improve their
surface conductivity (Masuku et al., 2024). High-resolution transmission
electron microscopy (HRTEM, A JEOL JEM 2100, Japan) provided de-
tails on the morphology of ZNiF, PB, and ZNiF@PB (Mmelesi et al.,
2023; Mokubung et al., 2024). X-ray photoelectron spectroscopy (XPS,
VG ESCALAB MARK II, UK) provided the surface chemical oxidation
state of ZNiF, PB, and ZNiF@PB (Mmelesi et al., 2022). Finally, the study
of pH at the point of zero charge (pHpzc) was carried out using the solid
addition method reported in the literature (Masuku et al., 2024).
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2.4. Adsorption experiments

The removal of Cd (II) ions by ZNiF, PB, and ZNiF@PB adsorbent
experiments were performed at the University of South Africa (UNISA,
Florida Science Campus laboratories). To effectively remove the target
pollutant in wastewater, optimizing adsorption parameters becomes
very important in adsorption studies. Therefore, several tests were
perfomed to determine the sorption conditions in a shaker (250 rpm),
using 50 mL of the solution with the initial concentration of Cd (II)
between 10 and 150 mg/L and the dose of ZNiF, PB, and ZNiF@PB
between 0.05 and 1.0 g/50 mL, the solution pH between 2 and 9, contact
time between 20 and 120 min and adsorption temperature at 25-55 °C
Using a pH meter, the desired pH of the solution for the adsorption runs
was adjusted by 0.1 M of NaOH or HCI solutions. After the adsorption
experiment was completed, a Whatman filter membrane paper was used
to filter the spent solids (ZNiF, PB, and ZNiF@PB) (Mokubung et al.,
2024). NexIONTM 350D, PerkinElmer inductively coupled plasma mass
spectrometry (SA (Pty) Ltd) was used to determine the remaining con-
centration of Cd (II). To calculate the percentage removal efficiency (%)
and the adsorption capacity (mg/g), the study used Equations (1) and
(2) respectively (Mokubung et al., 2024).

Co — Ce
Co

% Removal = ( )xl 00 (@]

where Co and Ce are the initial and equilibrium concentrations,
respectively (mg/L), the adsorption capacity, qe (mg/g) was also
calculated by Equation (2) as the amount of Cd (II) adsorbed by a gram
of ZNiF, PB, and ZNiF@PB as an adsorbent under equilibrium
conditions.

- (Co - Ce) v @

m

where m is the amount of ZNiF, PB, and ZNiF@PB in grams (g), and V is
the volume of the Cd (II) solution in liters (L)

2.5. Adsorption isotherms

To better understand the nature of the adsorption mechanism, the
study used the Langmuir, Freundlich, and Dubinin-Radushkovich iso-
therms (D-R) (Llewellyn et al., 2021). The Langmuir isotherm model
assumes that adsorption onto the adsorbent occurs through the mono-
layer, whereas the model of Freundlich’s isotherm on the other sides
predicts adsorption onto the adsorbent on multilayer and heterogeneous
sites. The Dubinin-Radushkovich theory presumes that the adsorption
process involves heterogeneous systems. Specifically, it focuses on the
adsorption energy following the porosity of the characteristic adsorbent
(Masuku et al., 2024). Therefore, the obtained sorption isotherm data
were modeled with Freundlich, Langmuir, and Dubinin-Radushkevish
isotherm models, as illustrated in equations (3)-(5), respectively
(Llewellyn et al., 2021; Niu et al., 2020).

_ qnK.Ce
=11K.C, 3
ge = KCl/n @
qe=4s eXP(—ﬂé’z) )

where ge (mg/g) denotes the adsorption capacity of the Cd adsorbate at
equilibrium, gm (mg/g) for the maximum adsorption capacity, Ce (mg/
L) is the concentration of the Cd ion at equilibrium, Ka (mg/L) repre-
sents the Langmuir coefficient, KF (mmg/g) is the Freundlich constants
associated with the adsorption capacity, n is the parameter of the
adsorption intensity parameter,  (KJ/mol) is the adsorption energy and
(K/mol) is the Polanyi potential of the D-R isotherm (Llewellyn et al.,
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2021; Niu et al., 2020)

2.6. Thermodynamic studies

To better understand the uptake of Cd (II) ions onto ZNiF, PB, and
ZNiF@PB adsorbents, thermodynamics studies were investigated. These
parameters examined were the change in (1) free energy, (2) change in
entropy, and (3) enthalpy presented as (AG: kJ/mol), (AS: J/molK)))
and (AH kJ/mol), respectively. Equations (6) and (7) were used to ex-
press these parameters of AG, AS, and AH (Masuku et al., 2024).

AG= —RTInK, (6)
AG AH AS
anb_fﬁ_fﬁ+iandAG_AH7TAS ()]

Where Kb is calculated from the ratio of Cd (II) on the surface of ZNiF, PB
and ZNiF@PB in equilibrium with Cd (II) remaining in the solution, AS
for the change in entropy (J/molK, (°C), AH for the change in enthalpy
(kJ/mol) calculated from the slope and intercept of AG versus 1/T and R
represents the ideal gas constant (8.314 J/mol K), T correlates with the
temperature.

2.7. Adsorption kinetics

Adsorption experiments were used to investigate kinetic studies
using the initial concentration of Cd (II) metal, and this was carried out
at different contact times from 20 to 120 min. Many kinetics models
have been reported in research, but the use of pseudo-first order (PFO),
pseudo-second-order (PSO), and intraparticle diffusion (IPD) models has
proven effective for heavy metal uptake by spinel ferrite and their cor-
responding nanocomposites (Masuku et al., 2024; Singh et al., 2023).
Equations (8)-(10) explain the kinetic models of PFO, PSO, and intra-
particle diffusion (IPD), respectively.

¢=g.(1—¢e™) (8)
o kgqgt

q: = m (C)]

q=kit"® +C 10

where for PFO and PSO, ge and qt (mg/g) are the amount adsorbed at
equilibrium, and t is the time and k1 constants of the model rates
(min~!) and ky (g/mg min). For IPD, qt is the adsorption capacity (mg/
g) at equilibrium and ki is the IPD rate constant, while C is the intercept
of the sorption capacity at time versus the square root of time.

2.8. Reusability of the absorbent

Repetitive reuse of the prepared ZNiF, PB, and ZNiF@PB adsorbents
can successfully mitigate the costs of the adsorbents and their disposal
costs, which is very important in wastewater treatment plants. For this
work, consecutive runs under optimal conditions such as pH, adsorbent
mass, temperature, and initial adsorbate concentration (pH: 6.0, m:
0.5g/50 mL, T: 25 (°C) and Co: 100 mg/L and t: 120 min) were contacted
with 0.5g/50 mL of the three adsorbents in a series of adsorption ex-
periments. After adsorption, the solutions were filtered and the filtrate
was measured, while the ZNiF, PB, and ZNiF@PB samples were recov-
ered from the reaction mixture using the centrifugal method. The ad-
sorbents were dried at 105 °C in the oven for 12 h. Subsequently, the
desorption of the ZNiF, PB, and ZNiF@PB material was performed using
NaOH and HCI solutions to remove the cadmium ion. The adsorption/
desorption studies were performed for five sequential reaction cycles,
which were all conducted under the same experimental circumstances.
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3. Results and discussion
3.1. Adsorbent characteristics

3.1.1. FTIR spectrum

To categorize the different functional groups of ZNiF, PB, and
ZNiF@PB and to better understand the various bonding interactions
within the nanocomposite, the study used FTIR spectrometry in the
range of 400 and 4000 em L. Fig. 1 presents the results. The important
peaks that described the ZNiF spinel ferrites were the stretching vibra-
tion of OH due to adsorbed water on the ZNiF surface between the fre-
quency of 3454 and 1640 em™! (Hu et al,, 2022; Sahoo et al., 2021).
Between 592 and 653 cm ™! were the v; and v, bands respectively con-
firming metal oxygen at the octahedral and tetrahedral sites (Dave and
Sirach, 2023; Mangood et al., 2023). The peak at 1110 cm ! was due to
adsorbed molecules of carbon dioxide molecules (Naik et al., 2023). PB
showed a peak of stretching vibration at 3438 cm ™! which was due to
the hydroxyl groups (OH), phenols, and monomeric alcohol (Adeniyi
etal., 2023; Sharma et al., 2023). The starching frequencies at 2369 and
2339 cm ™! correspond to H and C = C, respectively (Liu et al., 2019).
The carbonyl (C=0) functional group of ketones, amides, and aldehydes
occurred at 1638 cm ™! while the aromatic hydroxyl/carboxylic (COOH)
was achieved at 1385 cm™!. The PB also had a shoulder of 1009 cm-1
which represents the primary alcohol group (CO) (Hassaan et al.,
2023). Finally, the peaks of cellulose, lignin, and hemicellulose (C-O-C)
occurred in the 1124 c¢cm™! region (Hassaan et al., 2023). For the
ZNiF@PB nanocomposite FTIR spectra, the presence of the peaks at 756
cm ™! (Fe-OH) and 512 cm ! (Fe-O/M-O) along with other common
peaks of PB observed in the figure confirmed the incorporation of PB
into NiZnFeyO4.

3.1.2. The Raman spectrum

The Raman spectrometer provides details on the structural proper-
ties of the prepared ZNiF, PB, and ZNiF@PB materials. The in-
vestigations were carried out at ambient temperatures in a wavelength
range of 0-4000 em L Fig. 2 shows the results of PB, ZNiF, and
ZNiF@PB. For ZNiF nanoparticles, four bands were observed in Eg, T2g
(2), T2 g(3), and Alg corresponding to Raman shifts of 315, 474, 554,
and 683 cm ™}, respectively. The possible explanation for the existence of
these bands at wavenumbers 315, 474, 554, and 683 cm~! was due to
the symmetric bending of the O anions from AO4 (tetrahedral units)
and O, atoms at the Fe®! octahedral sites (FeOg), attributed to the

% Trasmittance

—— ZNiF@PB
—— ZNiF
——PB

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'l)

Fig. 1. FTIR spectrum of ZNiF, PB, and ZNiF@PB to indicate the presence of the
functional groups.
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T2 T. ig(3 ) g ZNiF
o\ L * |A-M
| | |
0 1000 2000 3000 4000

Raman shift (cm™)

Fig. 2. Raman spectrum of ZNiF, PB, and ZNiF@PB.

asymmetric bending of coordinated O, to Ni%* occurring at the octa-
hedral sites, and the mode due to symmetric breathing (FeO4), respec-
tively (Song et al., 2023). For the Raman shift greater than 500 cm!
(tetrahedral sublattices), the band had three slit energy levels Ni-O (541
cm’l), Zn-0 (554 cm’l), and Fe-O (660 cm™1). Therefore, this phe-
nomenon implies that Ni, Zn, and Fe occupy the tetrahedral A sites. It
was also noted that the relative area of the three peaks found in this
work differed from that previously reported in literature studies, which
could be explained by the choice of synthesis method (coprecipitation)
that influences the cation distribution (Palacio Gomez et al., 2020).
Previously, conducted works reported spinels with a small peak at 189
em ! for T2g (Song et al., 2023) yet, for the present work, that peak was
out of range and cannot be reported. In the absence of T2g, the result of
the Raman analysis was comparable to previously reported spinel
ferrite. Therefore, it can be confirmed that the ZNiF nanoparticles had a
cubic structure without the impurity phase of the a-Fe;O3 phase at
240-300 cm ™! (Bashar et al., 2023; Cheng et al., 2023; Mmelesi et al.,
2022; Palacio Gomez et al., 2020). For the PBC Raman analysis, there
are three peaks, where two peaks are sharp clumps of the D band with an
intensity of 1360 cm ™! and the G band with an intensity of 1586 cm ™.
The Disorder in the D band is correlated with Alg vibrational modes
caused by defects in the graphitic layers, and these imperfections in the
structure of the PB are the result of the high percentage of carbon in the
biochar (Eshun et al., 2019). However, the result of the G disorder was
attributed to sp2 crystallite vibrations of carbon atoms in graphitic
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material (Bai et al., 2023; Cheng et al., 2023; Guo et al., 2019). Previous
research on Raman shifts from biochar materials described the appear-
ance of a G disorder as a result of the aromatic ring of biochar (Eshun
etal., 2019; Patel et al., 2023). Similarly, others have presented that the
G bond is an E2g symmetry vibration of the graphite lattice, indicating a
degree of charge transfer (Ali et al., 2023; Chia et al., 2012; Eshun et al.,
2019; Li et al., 2023; Sadezky et al., 2005). The synthesized ZNiF@PB
had two prominent peaks observed at 1359 c¢m~! (D band) and 1585
em™! (G band) attributed to sp2 vibration modes of sp2 of defective
carbon structure and carbon atoms of sp2 in graphite layers. At around
the wavenumber 2827 cmfl, the ZNiF@PB further illustrates that there
was a broad and weak peak due to the stacking order of the carbon
structures (Masuku et al., 2024). The degree of graphitization, crystal-
linity of the carbon material, and defect density of the ID/IG ratio, which
are derived from the intensity of the D and G bands, were also calcu-
lated. ZNiF@PB had a higher (Ip/Ig) (0.87) than that for PB (0.86)
showing that with the coprecipitation method, there was slightly more
formation of disordered defects within the structure of the PB.

3.1.3. BET surface area

The adsorption-desorption isotherms of the prepared ZNIF, PB, and
ZNiF@PB materials were investigated to calculate the surface area, the
pore size, and the pore volume (Masuku et al., 2024). The experimental
temperature was —196 °C and all experiments were carried out in an
inert atmosphere. N2 adsorption-desorption isotherms exist in various
types according to their shapes, the first (I) is Henry, the second (II) is
Langmuir, the third (III) is Freundlich, the fourth (IV) is BET, and the
fifth (V) is stepped type. Three groups are used to explain the porosity of
the sample,>2 nm (microporous) 2-50 nm (mesoporous), and >50 nm
(microporous) (Xia et al., 2024). As observed in Fig. 3, clearly all sam-
ples exhibited a type IV isotherm, which means that the materials were
mesoporous. The isotherms obtained correlate with the classification of
the International Union for Pure and Applied Chemistry (IUPAC)
(Masuku et al., 2023a). ZNiF had two hysteresis loops observed with a
rise in relative pressure at 0.2 to 0.8 and 0.8 to 1.0 and these results were
attributable to the fact that during synthesis the spinel ferrite became
agglomerated, thus resulting in particles with a broader pore size of
micropores and mesopores. Therefore, the estimated surface area, pore
size, and pore volume of ZNiF were 78.4 m?/g, 14.9 nm, and 0.34 cm>/g.
For the PBC material, mesoporous and micropore structures were
observed and the calculated surface area, pore size, and pore volume
were 125 mz/g, 1.4 nm, and 0.07 cm3/g. For the ZNiF@PB isotherm, the
nanocomposite still achieved its mesoporous nature with a surface area
of 104 m?/g, a pore size of 3.41 nm, and a pore volume of 0.12 cm®/g.
When comparing the structural pore properties of the ZNiF, PB, and
ZNiF@PB materials, it was anticipated that due to the porous nature of
pinecone, the BET surface area of biochar 125 m?/g would be high,
allowing Pb to be an effective carrier for the growth of nanoparticles
(Liang et al., 2024).). However, the growth of ZNiF nanoparticles
resulted in a slight decrease in the surface area of ZNiF@PB of 104 m?/g
and its surface area was still greater than that of pure ZNiF of 78.4 m?/g,
implying that the PB carrier is helpful in the dispersion of ZNiF. The
higher surface area of the ZNiF@PB nanocomposite compared to that of
the ZNiF nanoparticles is important for the enhancement of the
adsorption sites for the removal of cadmium ions from wastewater.
Similarly, the pore size of the nanocomposite was larger; therefore, it
was more beneficial to adsorb cadmium ions than PB (Liang et al.,
2024). The table summarizes the textural properties of the prepared
samples.

3.1.4. XRD analysis

The crystalline phases of the prepared PB, ZNiF, and ZNiF@PB ad-
sorbents were determined using an X-ray diffractometer (XRD), and the
results are shown in Fig. 4. The PB XRD pattern presents common peaks
belonging to graphite microcrystals 20 = 10°, 23° and 43° (Yuan et al.,
2024). The XRD results show that PB had an amorphous structure due to
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its lignocellulosic biomass with crystalline particles (Khan et al., 2023).
The results obtained are comparable with those of the work by Khan
et al. showing a peak of cellulose crystallite at 22.6° (Khan et al., 2023).
The ray diffraction structure of the prepared ZNiF nanoparticle reveals
peaks of 30°, 36°, 43°, 54°, 57° and 63° correlating to crystalline planes
with indices (220), (311), (400), (422), (511) and (440), respectively.
The ZNiF nanoparticle XRD pattern matches the card number (JCPDS
card number 89-4927) (Manohar et al., 2023). The ZNiF nanoparticle
diffraction peaks showed high crystallinity (sharp and intense peaks),
confirming the inverse cubic spinel structure with no impurity peaks
observed (Manohar et al., 2023). The diffraction spectrum of ZNiF@PB
shows that ZNiF and PB peaks are present on the nanocomposite surface
(ZNiF@PB). The nanocomposite inherits 20 characteristics peaks at 12°,
19°, 23°, 30°, 36°, 43°, 54°, 57°, and 63° attributed to the miller indices
(111) (220), (311), (400), (422), (511) and (440) (Khan et al., 2023;
Shoukat et al., 2021). The diffraction peaks attributed to PB in the
structure ZNiF@PB were those at 12°, 19°, and 23°, indicating that the
biochar was successfully loaded onto spinel ferrite (Hu et al., 2022; Yuan
et al., 2024). Looking at the XRD patterns of the uncoated ZNiF and
those of the ZNiF@PB, similar peaks were observed; however, the dif-
ference was in their peak strengths, where the ZNIF@PB peaks were

slightly reduced due to the amorphous PB on the ZNiF surface (Hu et al.,
2022). The Derby-Scherrer equation was used to calculate the crystallite
size of the three materials using the highest peak of 311. The D stands for
particle diameter, K is the Scherrer constant at 0.94, 4 is the wavelength
given by 1.541 10\, p for the full-width at half maximum (FWHM), and 6
correspond to the angle of incidence (Masuku et al., 2024).

K
" pcosd

12)

The crystallite sizes of ZNiF, PB, and ZNiF@PB were 43 nm and 38
nm, respectively. The decrease in the crystallite size of ZNiF@PB implies
the successful biding and the presence of PB on the spinel ferrite surface
(Masuku et al., 2024).

3.1.5. TGA analysis

The study investigated the thermal stability of ZNiF, PB, and
ZNiF@PB materials by thermogravimetric analysis. During the experi-
mental procedure, the heating temperature was investigated from 30 to
900 °C in an inert environment. Fig. 5 illustrates the thermal stabilities
of the three materials that exhibited degradation in three phases. For
ZNiF nanoparticles, the primary step below 200 °C accounts for moisture
loss and NaOH removal on the surface of spinel ferrite (Chakhtouna
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Fig. 5. TGA of ZNiF, PB, and ZNiF@PB.
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et al., 2021). The second decomposition between the temperature of
31-184 °C was attributed to chemicals absorbed during ferrite prepa-
ration, the breakdown of the ZNiF complex (Xia et al., 2024). The third
degradation step at temperatures of 519-646 °C and 642-681 °C was
due to the loss of the metal-oxygen bond (Belaiche et al., 2022; Xia et al.,
2024). Usually, complete thermal decomposition of spinel ferrite
nanoparticles occurs at a temperature of less than 700 °C , and the re-
sults of the current study agree with the previous thermal stability curve
of spinel ferrites (Belaiche et al., 2022; Hong et al., 2020). For the PB
sample, the initial step correlates with the loss of adsorbed water, vol-
atiles, and carbon dioxide and was achieved at a temperature below
100 °C (Peng et al., 2021). The PB also showed its second degradation
phase between a temperature of 100 and 315 °C. At this stage, there was
a dissociation of cellulose and hemicelluloses in the form of NHjz, CO,,
and Hy0 (Amen et al., 2020; Peng et al., 2021). Char formation in the
third stage occurred between temperatures 531 and 550 °C; beyond
550 °C, little degradation occurred, which means that the process was
complete. For the ZNiF@PB nanocomposite, the first step below 200 °C
corresponds to the loss of water and volatiles (Peng et al., 2021). The
second thermal decomposition stage between 242 and 431 °C was the
result of the conversion of cellulose, lignin, and hemicellulose from PB to
H0, COy, C, and NH3 (Peng et al., 2021; Xia et al., 2024). This TGA
curve observed in the range of 431-665 °C was attributable to the
degradation of cellulose and lignin and the oxidation of ZnO, NiO, and
Fe;03. However, studies by Li et al. attributed this degradation step as a
confirmation that PB molecules were strongly attached to ZNiF nano-
particles (Li et al., 2020). The fourth degradation step that occurred
above 665 °C was due to spinel ferrite and graphitized carbon (Peng
et al., 2021; Xia et al., 2024). Based on the temperature used for the
carbonization of PB and the crystallization temperature of ZNiF, the
pyrolysis temperature of the synthesized ZNiF@PB was within the range
of 550 °C.

3.1.6. SEM analysis
The analysis was performed for the morphological structure of ZNiF,
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PB, and ZNiF@PB, and the results of the chemical composition are
shown in Fig. 6 (a), respectively. The SEM image in Fig. 6a indicates
ZNiF micrographs showing irregular structure and particle aggregation
(Fito and Nkambule, 2023; Wani et al., 2023). In addition, the images
were shaped like small blocks that looked like quasi-cubic shapes (Dave
and Sirach, 2023). On the other hand, Fig. 6b shows that the surface of
PB was relatively smooth with a honeycomb-shaped pore structure
(Dave and Sirach, 2023). Generally, an adsorbent with a good pore size
offers a higher surface area, making it possible for pollutants to absorb
easily on the adsorbent surface. After incorporating PB on the surface of
the ZNiF nanoparticles, Fig. 6¢ clearly shows that the surface of the
nanocomposite became rougher, confirming more active sites for
adsorption and improved pollutant removal (Masuku et al., 2024).

3.1.7. EDX analysis

For the constituent elements of ZNiF present, the study performed an
EDX analysis on the prepared nanoparticles. The results in Fig. 7a-c
presents the composition of the samples and their KeV on the x-axis. The
ZNiF in Fig. 7a is mainly composed of Ni (8.7 KeV), Zn (1.4 KeV), Fe (6.4
KeV), and O (2.8 KeV), and the Wt % of the ZNIF of Ni, Zn, Fe, and O was
19.5 %, 5.2 %, 53.2%, and 22.1 %, respectively. The elements of PB in
Fig. 7b and their KeV are C (1.3 KeV), O (1.1 KeV), and K (0.7 KeV). PB
also had a Wt % for C, O, and K at 86.6%, 8.8 %, and 4.7%, respectively.
The presence of the potassium element was because the sample was
plant-based. For the nanocomposite ZNIF@PB sample, the elements
were Ni (0.4 KeV), Zn (0.3 KeV), Fe (0.3 KeV) and O (0.8 KeV). The
weight percentage of Ni, Zn, Fe, O, and C was 8 %, 0.6 %, 9.4%, 24.4%,
and 56.6, respectively.

3.1.8. TEM analysis

TEM analysis provides more information on the structural properties
and morphologies of the samples. Fig. 8a and b illustrate micrographs of
pure ZNiF (a) and ZNiF@PB nanocomposite (b) samples synthesized
using the coprecipitation method. As observed, both samples showed
that the particles were almost spherical and had different particle sizes.

Fig. 6. SEM images of ZNiF (a), PB (b), and ZNiF@PB (c).
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Fig. 8. TEM images of the structural properties of ZNiF and ZNiF@PB.

However, ZNiF nanoparticles show a slight agglomeration of the parti- better than those of the bare ZNiF and this could be ascribed to the
cles due to their magnetic characteristics between the nanoparticles and precipitation of ZNiF nanoparticles onto PB. Therefore, there was an
high surface energies (van Der Waals forces), or it could be due to the interaction between the surface groups of ZNiF and the surface of PB,
adopted synthesis method (Mapossa et al., 2020; Wani et al., 2023). which in turn controls the growth of the particles by lowering the sur-
However, the particles of the nanocomposite (ZNiF@PB) separated face energies of the particles, resulting in a lower level of aggregation.
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Similarly, the PB functional groups fine-tuned the surface of the ZNiF 3.1.9. XPS analysis

nanoparticles, causing a reduction in the particle size of the material. To determine the ZNiF nanoparticles and the surface chemical state
The size measurements exhibited for the ZNiF and ZNiF@PB nano- of the ZNiF@PB nanocomposite, the study employed XPS analysis. Fig. 9
particles were 23 + 0.5 nm and 18 + 0.5 nm, respectively. (1) a-e present the XPS results of ZNiF nanoparticles, while Fig. 9(2) a-f

illustrate the XPS results of the ZNiF@PB nanocomposite. For the ZNiF

Fe2p
400000 - 20000 4 Fe2p;,
~ 2
~ o]
w
w 300000 - 4
%] =
E = 16000 -
=] [}
= g
< 200000 4
€ $
w -
Z £ 12000 -
= -]
Z 100000 - Q
(=]
o &
o
—
- 8000
— 71— 17— -——— 7777
1200 1000 800 600 400 200 0 740 735 730 725 720 715 710 705 700
Binding energy (E) (eV) Binding energy (E) (eV)
36000
@ 28000 - @ 35000
1] L]
A |
4 i =
g < 34000 -
) 7]
& @
£ 26000 - &
v v
P » 33000
S 25000 - I
=] g
=] =]
Q Q
2424000 - 232000 +
g z
7. N
23000
31000
22000 +——————————————1— —
885 880 875 870 865 860 855 850 845 1050 1045 1040 1035 1030 1025 1020 1015
Binding energy (E) (eV) Binding energy (E) (eV)
20000 1| —— 015 (C-0)
|—— O1s (Metal Oxide)
a 1|——01s(c=0)
; 15000 4 ——— Background
<
=
= ]
g
» 10000 <
£
=
3 ]
o
)
5000

- r 1 r T T
536 534 532 530 528 526
Binding energy (E) (eV)

Fig. 9. (1) a-e. XPS spectrum of ZNiF.
Fig. 9(2) a-f: XPS spectrum of ZNiF@PB.
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Fig. 9. (continued).

nanoparticles in Fig. 9 (1a), the identified core levels were Fe2p, Ni2p,
Zn2p, Ols, and Cls. The appearance of Cls could be attributed to
adventitious hydrocarbon adsorbed on the surface of nanoparticles
(Mmelesi et al., 2022). As observed in Fig. 9(1b), the Fe2p spectrum of
Fe2p had three characteristic peaks at 711.2 eV and 725.4 eV for Fe2p3 2
and Fe 2p;,, respectively. Other small satellite peaks in the Fe2p
spectrum appeared at 719.2 eV and 720.3 eV, which indicates that Fe

10

was in the form of Fe®' (trivalent iron) occupying tetrahedral sites
(Masuku et al., 2023b; Mmelesi et al., 2022; Yong et al., 2022). For the
Ni2p Fig. 9(1c) spectrum, it was evident that there were four charac-
teristic peaks of Ni2p; » (shake-up satellite), Ni2p; 2, Ni2p3,, satellite,
and Ni2ps3/,, at 881.0, 874.0, 862.0, and 856.0 eV, respectively. The
existence of Ni 2p3,, peaks and satellite peaks in the spectrum shows the
presence of divalent nickel ions (Ni?*) (Dhiman et al., 2023). However,
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the Zn2p spectrum Fig. 9(1d) shows binding energies at 1021.0 eV for
the peak Zn2p3,5 and 1044.4 eV for the peak Zn 2p;,» which confirms
that Zn has an oxidation state (+2) in the material (Mmelesi et al., 2022;
Yong et al., 2022). In Fig. 9(1e) three distinct O1s peaks were observed
at 533.2, 531.8, and 530.0 eV. The appearance of peaks at these binding
energies was the result of adsorptive oxygen (carbon monoxide and
carbon dioxide) and species of lattice oxygen (metal oxygen) in NiFe;04
nanoparticles (Mmelesi et al., 2022). For the ZNiF@PB nanocomposite
in Fig. 9 (2a), the XPS analysis explored the state and chemical
composition of the elements where the spectrum identified core levels of
Fe2p, Ni2p, Zn2p, O1ls, and Cls. The existence of PB was confirmed by
the presence of the intense characteristic peak of C1s in the spectra of the
ZNiF@PB nanocomposite. The ZNiF@PB shows Fe2p in Fig. 9(2b) with
three peaks at 711.0 eV and 720.4 eV for Fe2p3,, and Fe 2p;/,
respectively. Other observed peaks in the Fe2p spectrum were those
attributed to satellite peaks at 719.3 eV and 720.4 eV because Fe occurs
in trivalent form Fe3* (Mmelesi et al., 2022; Yong et al., 2022). The
spectrum of Fig. 9(2c) for the Ni2p spectrum had four distinct peaks of
Ni2p1 /2, Ni2py/y (satellite), Ni2p3,» and Ni2ps,, (satellite) at 874.0,
880.1, 856.0, and 862.0 eV, respectively. The satellite peak indicates the
existence of Ni2+ ions (Mmelesi et al., 2022). The binding energies of
Zn2p shown in Fig. 9(2d) occurred at 1021.2 eV for the Zn2p3,» peak
Zn2ps3,5 and 1044.2 eV for the peak Zn 2p; 2 peak signifying that Zn has
an oxidation state of a +2. The high resolution O1 spectrum in Fig. 9(2e)
comprised three clear peaks located at 530.0, 531.6, and 533.2 eV,
which were ascribed to Fe-O/Ni-O, C-O, and C = O/O-H, respectively.
The results also showed the spectrum of Cls that had peaks at 284.4,
286.6, 288.4, and 287.2 eV which corresponds to the functional groups
C-C, C-0, 0-C=0, and C = O in the PB matrix, respectively. The pre-
viously investigated manganese ferrite coated magnetic biochar com-
posite (MSMnFe;04/MBC) observed similar results to this study (Bai
et al., 2023; Yong et al., 2022). The XPS results and the elements in the
ZNiF and ZNiF@PB samples were consistent with the EDX spectrum
results (Fig. 7 which confirmed that the synthesized materials had no
impurities.

3.1.10. pHpzc

The adsorption process can be influenced by the properties of the
adsorbent in the aqueous solution. Among the characteristics of ZNiF,
PB, and ZNiF@PB materials is the point of zero charge (pHpzc), which is
important in the adsorption findings. Generally, pHpzc describes the pH
point at which the equilibrium concentration occurs between the
anionic and cationic surface charges (Masuku et al., 2024). The surface
of the synthesized ZNiF, PB, and ZNiF@PB becomes cationic due to
protonation when pH < pHpzc which attracts anions. Likewise, if pH >
pHpzc the surface is negative for ZNiF, PB, and ZNiF@PB, thus sup-
porting cation adsorption (Fito et al., 2023c; Hashem et al., 2024). In
this study, pHpzc was found to be 6.06, 5.90, and 6.46 for ZNiF, PB, and
ZNiF@PB, respectively, as illustrated in Fig. 10.

3.2. The influence of adsorption factors on Cd (II) removal

3.2.1. Solution pH of solution

The aqueous pH in the adsorption process governs the surface
charge, the dissociation of the functional groups of the active sample,
and the speciation of metals (Masuku et al., 2024). Normally, the surface
charge of the adsorbent can be altered by changing the solution pH;
therefore, it is necessary for these parameters that affect the adsorption
processes to be properly optimized for the effective removal of metal
ions from the aqueous solution (Fito and Nkambule, 2023; Masuku et al.,
2024). To determine the effect of pH on the Cd (II) uptake by the ZNiF,
PB, and ZNiF@PB adsorbents, various solutions with pH values between
2 and 12 were investigated. During this time, experimental conditions
such as the mass of the adsorbent, the temperature, the initial concen-
tration of the adsorbate, and the time were kept constant (m: 0.1g/50
mL, the temperature: 25 °C, C,: 100 mg/L and the time: 120 min).
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Fig. 10. Influence of pHpzc on the surface charge of ZNiF, PB, and ZNiF@PB
under experimental conditions: adsorbent dose 0.1g/50 mL, pH 2 to 12, tem-
perature 25 °C, and contact time: 2880 min.

Fig. 11 presents the results of the pH experiment for all the Cd adsorbent
removal percentages (II) that gradually increase with increasing initial
pH values. A similar pattern was observed by (Olfatmehr et al., 2022).
For PB, the influence of pH arises from the electrostatic interaction be-
tween the Cd (II) and PB surface. Moreover, PB has a negatively charged
surface, which could favor cationic Cd (II) as the pH increases. Excess
protonation of the surface of PB when pH levels were low resulted in
charge repulsion between Cd?* and H30™, meaning there was compe-
tition for binding. As the pH gradually increased, the PB surface was
more negatively charged (deprotonated) because there were fewer hy-
dronium ions in the solution, which indicated that the PB surface has
more sorption sites for Cd (II) uptake when the pH of the solution is due
to OH ions in the solution. Above pH 6.0, Cd species were reduced with
improvement in the formation of soluble Cd-OH™ (hydroxyl complexes).
This shows the difference in PB surface complexes that could be involved
in the adsorption process instead of divalent Cd species (Khan et al.,
2023; Wu et al., 2019). The Cd (II) crystal structure onto ZNiF nano-
particles shows that the removal efficiency increased with increasing
pH. At low pH values and below pHpyc, low Cd (II) removal occurs for
two reasons; (1) at these pH values the concentration of HT is high, the
adsorbent has negative sites to occupy the Cd (II) ions, and then the
efficiency is reduced, (2) the positive surface of ZNiF prevents the uptake
of Cd (II) cations(Asadi et al., 2020). However, at a pH higher than
pHpzc, by reducing the concentration of H and improving the surface
negativity of ZNiF due to the ionization groups (-OH- to -O-) that
resulted in an increased removal efficiency of Cd (II) cations (Asadi
et al., 2020). For the removal of Cd (II) by the ZNiF@PB adsorbent, the
results show that at low pH (acidic environment), the adsorption effi-
ciency was low and then gradually increased. This could have happened
because, at lower pH, the electrostatic repulsion forces were stronger
(competition of H' with Cd (II) for active sites) and suppressed the Cd
removal (II). In addition, the pH variation can be affected by the
behavior of protonation or deprotonation of -OH and -COOH on
ZNiF @PB surfaces afterward, affecting the Cd (II) uptake. At low pH, the
ZNiF@PB surfaces are positively charged due to surface protonated
functional groups. It is difficult for the electropositive ions of Cd (II) to
adsorb onto the electropositive surfaces of ZNiF@PB. Therefore, the
lower the sorption efficiency. The improved performance with
increasing pH was because the surfaces of ZNiF@PB-NH2 move toward
more negatively charged as a result of deprotonation of surface func-
tional groups. Thus, the electropositive ions of Cd (II) are more adsorbed
by the negatively charged surfaces of ZNiF@PB as a result of
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Fig. 11. Influence of pH for Cd (II) on prepared ZNiF, PB, and ZNiF@PB under experimental conditions dosage 0.1g/50 ml, pH 2 to 41, initial Cd concentration 100

mg/L, contact time 120 min and temperature 25 °C.

electrostatic attraction, thereby increasing the adsorption efficiency. For
all three adsorbents, it is important to note that Cd (II) forms insoluble
hydroxide precipitates when the pH values exceed 6.0, producing a false
adsorption efficiency that can affect the accuracy of the experiment.
Therefore, we sought to precisely approximate the adsorption of Cd (II)
by ZNiF, PB, and ZNiF@PB and to avoid homogeneous Cd (II) precipi-
tation in an aqueous solution. In conclusion, the good sorption efficiency
of ZNiF, PB, and ZNiF@PB at a wide range of pH levels proves that all of
the adsorbents have potential in environmental wastewater applications
for the removal of Cd (II) and possibly other heavy metals. In general, Cd
(I1) ions were better removed by ZNiF@PB > ZNiF > PB. However, the
combined two materials (ZNiF and PB) allow the metal ion to easily be
bound on its surface and specific pore structure because of its sizeable
surface area, adsorptive sites, and functional groups. In the synergistic
process between spinel ferrite and biochar, the biochar serves as
anchoring and inhibits the agglomeration of zinc-doped nickel ferrite,
thus enhancing the surface chemistry and adsorption performances.

3.2.2. Adsorbent dose
The significant parameter for adsorption investigations is the
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adsorbent dosage. In general, the dose of the adsorbent determines the
capacity of the material for the specified concentration of the adsorbate
(Masuku et al., 2023b). The experimental procedure for the removal of
ZNiF, PB, and ZNiF@PB adsorbents on cadmium ion was performed at
various adsorbent masses between 0.05 and 1g. Other experimental
values (pH, initial concentration of adsorbate, temperature, and time)
were kept constant at pH: 6, Co: 100 mg/L, T: 25 °C, and t: 120 min).
Fig. 12 presents the plotted results of the removal efficiency values of Cd
(II) versus the dosage of the adsorbent. An increase in the dose of the
adsorbent (0.05-1g) increased the efficiency of Cd (II) from 83.1 to
87.0% (ZNiF), 66.3 (PB) to 75.1 and 90.1-96.0% (ZNiF). The increase in
removal efficiency arises from the increase in the number of unsaturated
adsorbent active sites occupied by Cd (II). When the adsorbent exceeds
0.5g, a considerable change in the Cd (II) ion removal efficiency was
observed, because most of the active sorption sites in ZNiF, PB, and
ZNiF@PB were now occupied. Therefore, 0.5 g was established as the
optimal dose of adsorbents for the efficiency of cadmium removal for all
adsorbents and was used in the following experimental procedures.
When comparing the three adsorbent adsorption efficiency, the order of
the metal ion uptake followed ZNiF@PB > ZNiF > PB and the possible
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Fig. 12. Influence of the dose of ZNiF, PB, and ZNiF @ PB on the removal of Cd (II) under experimental conditions at solution pH 6.0, adsorbent dose 0.05-1.0 g/50

ml, initial Cd concentration 100 mg/L and contact time 25 °C.
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reason for the nanocomposite to have a high removal efficiency could be
attributed to the improved surface properties, such as surface area and
particle size (Masuku et al., 2024).

3.2.3. Initial Cd concentration

The initial concentration of Cd (II) aims to determine the optimum
parameters for the adsorption process. As presented (Fig. 13), the in-
vestigations ranged from 10 mg/L to 150 mg/L, while all other experi-
mental values, including pH of the solution, temperature, dose of
adsorbent, and time, were kept constant (pH: 6.0, T: 25 °C, m: 0.5g/50
mL and t: 120 min).in). The result in Fig. 13 illustrates a decrease in
removal efficiency with an increasing concentration of Cd (II) metal
ions. The decrease was from 89 to 73% for ZNiF, 78 to 76% for PB, and
97 to 93% for ZNiF@PB. This result shows that there was a relationship
between the Cd concentration and the adsorption efficiency. This can
happen at low Cd concentrations; more unoccupied active sites were
available, leading to an increase in the uptake of Cd ions by ZNiF, PB,
and ZNiF@PB. However, with increasing adsorbate concentration, the
vacant adsorption sites are reduced, causing the removal rate of Cd ions
to decrease (Kang et al., 2022). The optimal concentration was found to
be 100 mg/L for the three adsorbents and the result followed the order
ZNiF@PB > ZNiF > PB. This order brings us to the conclusion that each
adsorbent effectively eliminated Cd (II), but the enhanced properties of
the new proposed nanocomposite materials promise better uptake and
can be investigated for other heavy metal pollutants.

3.2.4. Contact time

The interaction time between ZNiF, PB, and ZNiF@PB and Cd (II)
ions can impact the study outcome. Therefore, it was examined at
different contact times (20-120 min). Experimental conditions such as
pH, dosage (ZNiF, PB, and ZNiF@PB), temperature, and adsorbate
concentration remained constant (pH: 6.0, m: 0.5g/50 ml, T: 25 °C and
Co: 100 mg/L). Fig. 14 presents the removal efficiency of Cd (II) when it
is in contact with the ZNiF, PB, and ZNiF@PB adsorbents. The three
stages were observed, whereby the initial stage for the removal of Cd (II)
by the three adsorbents occurred in the first minutes between 20 and 40
min. The uptake at this stage was very rapid. The second stage from 40
to 80 min showed a gradual increase in percentage removal, and the
final stage from 80 to 120 min was observed as the equilibrium phase. A
better explanation of the rapid uptake of the adsorbate by the three
adsorbents at the initial time could be the result that the adsorbents have
many available active sites of adsorption, making it easier for the Cd (II)
ion to attach to their surface (Masuku et al., 2024; Narayana et al.,
2022). Furthermore, the high concentration gradient among Cd (II)
molecules and adsorbents also affect the rate (Masuku et al., 2021;
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Pholosi et al., 2020). However, when the contact time continued to in-
crease from 80 to 120 min, the observed decrease was ascribed to the
active sites of ZNiF@PB > ZNiF > PB responsible for the removal of
cadmium, which became saturated, resulting in repulsion between the
adsorbate and the adsorbent (Bai et al., 2023; Zaib and Kyung, 2022).
Therefore, 80 min became the optimal contact time selected for the
removal of Cd (II) by ZNiF, PB, and ZNiF@PB and the highest removal
efficiency order was ZNiF@PB > ZNiF > PB.

3.3. Adsorption isotherms

The equilibrium adsorptions of the Cd ion (II) on the ZNiF, PB, and
ZNiF@PB adsorbent were analyzed using isotherm models, namely
Langmuir, Freundlich, and Dubinin-Radushkevish (Nchoe et al., 2023).
The isotherms were fitted using a nonlinear curve and Fig. 15 illustrates
the results of the adsorption of Cd (II) onto the ZNiF, PB, and ZNiF@PB
adsorbent. For PB, the Langmuir isotherm had a correlation coefficient
(R?), KL, and ge were 0.98, 0.04 (L.mg/L), and 11.92 mg/g, respectively.
Similarly, the values of Freundlich isotherm R2, n, and KL were 0.97,
1.09, and 0.595 (L.mg/L), respectively. However,
Dubinin-Radushkevish D-R) recorded an Rz, ge, B, and a mean free en-
ergy of 0.751, 5.15 (mg/g), 1.83 (mol?/J%) and 8.22 kJ/mol (E),
respectively. For ZNiF, the Langmuir isotherm (R?), KL, and qe were
0.99, 0.054 (L.mg/L), and 16.45 mg/g respectively, but for the
Freundlich isotherm R2, the value of n and KL was 0.98, 1.66 and 0.53
(L.mg/L) respectively. In the case of PB the Rz, qe, B, and E were
observed to have a value of 0.760, 7.68 (mg/g), 5.73p (molZ/Jz), and
9.34 kJ/mol (E). Lastly, the ZNiF@PB Langmuir isotherm (RZ), KL, and
qge were 0.996, 0.013 (L.mg/L), and 25.273 mg/g, respectively.
Freundlich isotherm with R2, n, and KL values of 0.99, 3.438, and 0.63
(L.mg/L), respectively. Furthermore, the D-R isotherm R?, qe, B, and E
were achieved at 0.78, 7.95 (mg/g), 1.85 p (mol2/J2) and 16.41 kJ/mol.
The adsorbent surface was found to contain sorption sites with an equal
distribution of homogeneous active sites and energies. When comparing
R? of the three isotherm models, the order was as follows Langmuir >
Freundlich > D-R. Such results signify Cd (II) removal by ZNiF, PB, and
ZNiF@PB as better modeled by the Langmuir isotherm, suggesting that
the uptake favors monolayer adsorption. The qe sequence was ZNiF@PB
> ZNiF > PB whereby the formation of the ZNiF@PB nanocomposite
resulted in enhanced maximum adsorption capacities because of the
additional binding sites introduced on the ZNiF surface groups from the
PB adsorbent. Furthermore, the combined surface area (ZNiF and PB)
further influences the nanocomposite ge. The value of the D-R isotherm
model E gives insight into whether the sorption process is physical or
chemical (Masuku et al., 2024). In this case, the calculated E values for
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Fig. 13. Influence of initial concentration on Cd removal (II) using the prepared ZNiF, PB, and ZNiF@PB under experimental conditions of initial Cd concentration
pH 6.0, adsorbent dose 0.5g/50 mL, initial concentration 10-150 mg/L, temperature: 25 °C and time 120 min.
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Fig. 14. The influence of contact time on the removal of Cd (II) by ZNiF, PB, and ZNiF@PB under experimental conditions: pH: 6.0, time: 20-120 min, concentration:

100 mg/L, dosage: 0.5 g/50 mL, and temperature: 25 °C.

all three adsorbents ranged from 8.22 kJ mol-1 to 16.41 kJ mol-1,
suggesting that the adsorption of Cd (II) by ZNiF, PB, and ZNiF @ PB
was considered chemical mode (E > 8 kJ/mol) (see Table 1).

3.4. Adsorption kinetics

The mechanism of Cd (II) adsorption by ZNiF, PB, and ZNiF@PB can
be determined by modeling the experimental findings using kinetic
models (Table 2 and Fig. 16). The pseudo-first-order (PFO), pseudo-
second-order (PSO), and intraparticle diffusion (IPD) models have
been used due to their simplicity and ease of interpretation (Kakavandi
et al., 2013; Masuku et al., 2024). Fig. 16 and Table 2 illustrate the data
fitted to the three kinetic models. For ZNiF nanoparticles, the correlation
coefficient (R?) values for all three kinetic models were in the order PSO
(R? = 0.99) > PFO (R? = 0.99) > IPD (R? = 0.72). Similarly, for the PB
nanoparticles, the R2 values for all three kinetic models were in the order
PSO (R? = 0.99) > PFO (R? = 0.98) > IPD (R? = 0.87). Similarly, for the
ZNiF@PB nanocomposite, the R? values for the three kinetic models
were in order PSO (R? = 0.999) > PFO (R? = 0.998) > IPD (R* = 0.808).
Looking at the results of ZNiF, PB, and ZNiF@PB, the PSO model de-
scribes the adsorption studies since its R? is close to unity and the order
of the most effective adsorbent followed ZNiF@PB > ZNiF > PB. In
addition, the qe values were comparable to the experimental results. The
PSO kinetic model proposed that the nature of adsorption is chemi-
sorption, which occurs through electron exchange between the Cd (II)
ion and the adsorptive sites ZNiF, PB, and ZNiF@PB. In the case of the
IPD model, three stages were observed where the first stage is the
diffusion of the boundary layer of Cd molecules (II) in solution to the
outer surface of ZNiF, PB, and ZNiF@PB (Masuku et al., 2024). The
second stage occurs when Cd molecules (II) diffuse into ZNiF, PB, and
ZNiF@PB whereby the IPD process becomes the rate-limiting step, and
the third stage known as an equilibrium stage occurs due to the internal
and external rate movements of Cd molecules (II) on the ZNiF, PB, and
ZNiF@PB surface (Masuku et al., 2024). Clearly, the results state that the
kinetic model of IPD does not determine the rate since the plots did not
pass through the line of origin (Masuku et al., 2024; Narayana et al.,
2022). Therefore, it can be assumed that all of the three explored models
contributed to the removal of Cd by the three adsorbents and that the
uptake occurred at the same time. Therefore, the interaction was
assumed n—r interaction - and the pore-filling interactions had an impact
on Cd (II) removal (Masuku et al., 2024; Narayana et al., 2022).

3.5. Thermodynamic studies

The importance of this parameter in adsorption studies is to
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determine whether the occurring adsorption process is spontaneous or
nonspontaneous (Abewaa et al., 2023). Thermodynamics further dis-
tinguishes whether the process is exothermic or endothermic, and
adsorption feasibility and activation energy are also provided. For the
present study, thermodynamic investigations on the removal of Cd (II)
by ZNiF, PB, and ZNiF@PB were performed by varying the temperatures
25, 35, 45, and 55 °C. Other variables were maintained at optimal values
(pH: 6.0, m 0.5g/50 mL, time 80 min, and concentration 100 mg/L). To
determine the three important parameters, the study used the Van’t Hoff
equations, which are changes in enthalpy (AH), Gibbs free energy (AG),
and entropy (AS) (Masuku et al., 2024; Narayana et al., 2022). Table 3
summarizes the results of the thermodynamic parameters for the present
study. For all adsorbents, the range for AG was between —3.5 and 19.7
kJ/mol. Furthermore, AG being negative implies that the adsorption of
Cd (II) on ZNiF, PB, and ZNiF@PB toward the adsorbents was sponta-
neous and feasible. This also indicates the affinity of ZNiF, PB, and
ZNiF@PB towards the Cd (II). It should also be noted that AG values
were more negative at higher temperatures, which can be represented as
endothermic processes. The positive values of AH for the three adsor-
bents also imply that the adsorption of Cd (II) in the adsorbent of ZNiF,
PB, and ZNiF@PB was endothermic. The calculated values of AH were
below 40 kJ/mol, which favored physisorption. AS being (+) shows
enhanced randomness at the solid-liquid adsorption interface in Cd (II)
adsorption at the active sites of ZNiF, PB, and ZNiF@PB.

3.6. Reusability of adsorbents

For a potential practical application of the prepared ZNiF, PB, and
ZNiF@PB, the evaluation of reusability and stability remains the subject
of key importance. The effective remediation of Cd (II) by ZNiF, PB, and
ZNiF@PB was studied for five consecutive cycles, and the results are
illustrated in Fig. 17. There was a reduction in the activity of PB
compared to those of the ZNiF and the ZNiF@PB nanocomposite. In the
first cycle, when using Cd (II) 100 mg/L and ZNiF, PB, and ZNiF @ PB
0.5g/50 mL, the removal efficiency of Cd (II) was 83% for ZNiF@PB,
79% for ZNiF and 68% for PB at 120 min reaction time. However, the Cd
(II) removal efficiency in the fifth cycle was recorded to be 67% for
ZNiF@PB, 63% for ZNiF, and 51 % for PB. A possible reason for the
higher Cd (II) removal efficiency even at the fifth cycle suggests that
ZNiF and ZNiF@PB had higher reusability and stability compared to
those of PB. The reusability order followed ZNiF@PB > ZNiF > PB.
Previous studies on the use of nanocomposite also confirm that the
modified nanoparticles had higher reusability and stability in solution
than pristine materials, and these results could be due to enhanced
properties of the nanocomposite, as it contains properties of the pristine
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Table 1
Textural properties.

Sample BET surface area (m?/g) Pore volume (cm®/g) Pore size (nm)
ZNiF 78.4 0.34 14.9
PB 125 1.4 0.07
ZNiF@PB 104 0.12 3.14

Table 2

Kinetics studies of the uptake of Cd (II) by ZNiF, PB, and ZNiF@PB.

Kinetic Models

Pseudo first order Pseudo second order Intraparticle
ZNiF Exp. ge (mg/ 8.470 Exp. ge (mg/ 8.470  Kdiff 0.585
g) g)
Model ge 9.710 Model ge 8.419 C 3.177
(mg/g) (mg/g)
k; (g/mgmin)  0.072 ky (g/mgmin)  0.016 R? 0.723
R? 0998 R? 0.999
PB Exp. qe (mg/ 6.987 Exp. ge (mg/ 6.987  Kdiff 0.583
g) g)
Model ge 8.155 Model ge 7.183 C 1.992
(mg/g) (mg/g)
k; (g/mg min) 0.069 k; (g/mg min) 0.013 R? 0.866
R? 0979 R? 0.995
ZNiF@PB  Exp. ge (mg/ 9.171 Exp. qe (mg/ 9.171  Kdiff  0.596
g) g)
Model qe 9.936  Model qe 9.014 C 3.603
(mg/g) (mg/g)
k; (g/mgmin)  0.068 ki (g/mgmin) 0.010 R> 0.808
R? 0998 R? 0.999
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PB and pristine ZNiF nanoparticles (Masuku et al., 2024). Specifically,
the improved properties of the nanocomposite that may play a good role
are surface area, particle size, and magnetism. Because the PB adheres to
the ZNjF surface, it can play a crucial role in increasing the adsorptive
activity of the as-synthesized nanocomposite and limiting or preventing
the agglomeration of the nanoparticles. Therefore, this can enhance the
service life of the nanocomposite (Masuku et al., 2024; Narayana et al.,
2022). The bare ZNiF nanoparticles will agglomerate, thereby reducing
the dispersibility of the sample as a result of van der Waals forces and
magnetism, while for the pristine PB, some of the functional groups
could be affected or destroyed during application. Therefore, the study

Table 3
Thermodynamic investigations of Cd (II) uptake in the prepared ZNiF, PB, and
ZNiF@PB.

Adsorbent Thermodynamic parameters
T(°C) AG (kJ/mol) AH (kJ/mol) AS (J/K mol)
ZNiF 25 —-18.0
35 -18.5
45 —-18.9 24.8 60.2
55 —-19.7
PB 25 —-11.0
35 -11.4
45 -11.7 17.7 37.0
55 —-12.2
ZNiF@PB 25 -35
35 -3.7
45 -3.9 10.1 12.2
55 —-4.1
10
. I 1
8 r L 1
v 6- . 0
= = ZNiFexperimental data
g PFO model
WD
S 4 —— PSO model
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2
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Fig. 16. Nonlinear PFO and PSO fitting of the kinetics model and the intraparticle diffusion model under experimental conditions: pH: 6.0, initial concentration: 100

mg/L, time: 20-120 min, dosage: 0.5g/50 mL and temperature: 25 °C.
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Fig. 17. Reusability studies of ZNiF, PB, and ZNiF @PB nanocomposite for the
removal of Cd (II) under experimental conditions: pH: 6.0, initial Cd concen-
tration 100 mg/L, contact time 80 min, adsorbent dosage: 0.5g/50 L and
temperature 25 °C.

suggests that the ZNiF@PB nanocomposite shows higher stability,
reactivity, and reusability, which is recommended for practical engi-
neering applications.

3.7. Adsorption of Cd (I) from real water

The preparation of nanomaterials as adsorbents for the removal of
pollutants from wastewater is driven by production processes in
wastewater treatment plants with less or no release of harmful con-
taminants into the environment after the completion of the adsorption
process. Industries that use Cd (II) for manufacturing purposes and then
produce a large volume of Cd effluent need to have methods that are
cost-effective and efficient for handling the generated wastewater to
minimize the direct discharge of Cd (II) ions into the environment. In
this study, the removal of the Cd (II) target pollutant from wastewater
was investigated using two types of water samples, namely tap and river
water samples. River water samples were collected from a small river
near the Unisa Florida campus (Johannesburg, South Africa). Before
adding the ZNiF@PB adsorbent, the water was filtered using 0.45 pm
PVDF syringe filters. Adsorption studies were carried out under the same
conditions as synthetic wastewater pH: 6.0, temperature: 25°C, adsor-
bent dose: 0.5g/50 mL, and contact time: 80 min. Fig. 18 shows a
comparison of the adsorption of Cd (II) on ZNiF@PB from tap and river
water. To activate Cd (II) contamination, water samples (river and tap)
were spiked to obtain the initial Cd (II) concentration of 10 mg/L. As
observed in Fig. 18, the removal efficiency followed the synthetic so-
lution > tap > river with a removal efficiency of 94.7% > 69.8%> 67.1
%, respectively. Although the removal efficiency of Cd (II) in tap and
river water slightly declined after application, this could be because, in
actual water samples, there are different types of particulate and
possibly microorganisms. Furthermore, real water matrices also contain
complex mixtures of inorganic and organic pollutants that cannot be
easily removed (Yong et al., 2022). For example, tap and river water
samples had some coexisting metals such as As, Be, Co, Cr, Cu, Li, Mg,
Mo, Sb, Sr, V, Ca, Fe, Ni, Zn, and Mn ions, and these hindered the
adsorption process. Generally, these other metals would compete with
the ZNiF@PB adsorbent active sites when there is a decrease in the
uptake of Cd (II) ions. Overall, the use of ZNiF@PB as an adsorbent for
the removal of Cd (II) was successful for the synthetic solution and
average for the actual water, since it showed the ability to remove more
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Fig. 18. Cd (II) removal using ZNiF@PB nanocomposite from a tap, river, and
synthetic water solution.

than 60%, which means that the adsorbent has the potential use in
complex environments.

3.8. Metal leaching

The proposed adsorbent (ZNiF@PB) was made from metal ions of Ni,
Zn, Fe, and pinecone biochar. During adsorption studies, these metallic
ions can leach into treated water, causing secondary heavy-metal-ion
pollution. Therefore, the study investigated the concentration of these
metal leachings using the ICP-OES instrument after the adsorption
process solution was filtered and analyzed. The results obtained from
ICP-OES indicated that the maximum concentration of Fe, Ni, and Zn
leached was 0.26 mg/L, 0.02 mg/L, and 0.03 mg/L, respectively.
Compared to the allowable limits for Fe, Ni, and Zn, which are 0.3 mg/
L,0.02 mg/L, and 5 mg/L in drinking water, the leaching of these metal
ions was insignificant (Bumagina et al., 2024; Dey et al., 2021; Kinuthia
et al., 2020; Ljubic et al., 2024; Zeng et al., 2024). Therefore, the
conclusion drawn could be that during the adsorption studies, the dis-
solved metal concentrations of the adsorbent did not result in some
noticeable toxicity, and the levels were acceptable for aquatic plant-
s/animals and human consumption. Furthermore, during adsorption,
the leaching profiles of the metals depend mainly on the type of
adsorbent. The current study used the ZNiF@PB nanocomposite which is
continuous with elements that are less toxic to the environment, and
these spinel ferrite nanoparticles were decorated with an eco-friendly
green material pinecone biochar (Fito et al., 2023b; Ma et al., 2020;
Nimisha et al., 2022). The combination of two adsorbents (ZNiF and PB)
with less toxicity to the environment was the main driving force for this
work, and studies show that it was achieved. The ZNiF@PB was suitable
for adsorption studies of Cd (II) with good and stable performance.

3.8.1. Environmental concerns, commercial capabilities, and future
discussions

Novel nanocomposites of ZNiF@PB are composed of nickel, zinc,
iron, and pinecone biochar. The materials, if properly handled, pose
environmental challenges. Even after the adsorption studies were
completed, the leachability studies showed that the concentration of
these metals was very low and within the allowable limits in water. The
ZNiF@PB has been proven to be capable of the removal of the carcin-
ogen and mutagenic Cd (II) metal. Based on the porous nature of the
adsorbent and its large surface area-to-volume ratio, they could be better
candidates for other heavy metals such as arsenic and lead adsorption.
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Furthermore, material properties could be investigated in the adsorption
of organic pollutants and dyes. The synthesized ZNiF@PB could also be
used for other applications in addition to wastewater treatment. It could
have potential for several applications, including sensors, electronics,
energy storage devices, and healthcare. Therefore, researchers in many
fields can further investigate the development of this material to reveal
more potential applications and commercialization of the material.

3.9. Comparison of Cd (II) removal

The study compared the removal efficiencies of the novel ZNiF@PB
nanocomposite with other spinel ferrite@biochar in terms of different
heavy metal removal. As shown in Table 4, the nanocomposite was
shown to have a higher removal efficiency than other studies conducted.
This could be ascribed to the fact that ZNiF@PB contains excellent
combined properties from the ZNiF and PB. Therefore, it can be
concluded that ZNiF@PB promises to be a good adsorbent and can be
investigated for other heavy metals, including arsenic and lead. In
addition, the added environmental advantages provided by agricultural
biomass to produce biochar. The low cost of synthesizing ZNiF nano-
particles is also worth noting. For the present research studies, the entire
research cost of ZNiF@PB synthesis was considered to be cost-effective.
The ZNiF chemicals amounted to 34,795 ZAR/kg, which was much
lower than the MgFey04, CoFey04 and CuFepO4 reported at 45,755,
66,575, and 53,075 ZAR/kg, respectively (Masuku et al., 2024). Another
calculated cost was that of the PB material, for the collection and
grinding of pinecones, which amounted to 1400 ZAR/kg (Masuku et al.,
2024). The costs of ZNiF @ PB nanocomposite were those of utilities
(water use and electricity) estimated to be 1200 ZAR/200 L (Masuku
et al., 2024). In terms of available adsorbents, spinel ferrite/CNTs or
spinel ferrite/graphene oxide are potential nanocomposites. However,
these coating agents are expensive compared to biochar. In addition,
they have been associated with the generation of secondary toxics,
which has remained the main challenge in the application of adsorption
technology in water remediation. Therefore, the use of ZNiF@PB is a
worthy replacement for expensive absorbents and environmentally
friendly material.

3.10. Possible adsorption mechanism

4. The adsorption mechanism of heavy metals in different adsorbent
materials occurs via hydrophobic interaction, electrostatic interaction,
ion exchange, weak van der Waals interaction or n-n interaction, and
hydrogen bonding (Akpomie et al., 2023). Usually, the adsorption pro-
cess can occur through one of several interactions. The mechanism can
be influenced by many factors, such as the pH of the solution, the texture
of the adsorbent, and the chemical structure of the pollutants of interest.
It is difficult to pinpoint exactly the interactions that work during the
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adsorption process. Fourier transform infrared spectroscopy has become
a useful approach for studying the interactions of the adsorbate and
adsorbent. The adsorption process can be predicted based on FTIR
because the surface functional groups of the adsorbents influence the
adsorption mechanism. The hydroxyl and aromatic carboxylic (COOH)
groups mostly interact with the metals. Therefore, we expect that the
removal mechanisms of Cd (II) by ZNiF@PB will involve a hydrogen
bonding interaction. The intermolecular hydrogen bonds improved the
surface interactions between adsorbate and adsorbent, which is envi-
sioned to contribute to the Cd(ll) adsorption affinity of the ZNiF@PB.
Similar to the case, Cd (II) adsorption onto ZNiF@PB results from a
complex molecular interaction involving electrostatic interactions and
the van der Waals force. The attraction between Cd (II) ions and the
ZNiF@PB surface nanocomposite is greatly influenced by electrostatic
forces. The Cd (II) io in aqueous solutions has a positive charge; how-
ever, the ZNiF@PB surface may have negatively charged regions that are
connected to the point of zero-charge results. This enables the initial
uptake of Cd (II) ions onto the ZNiF@PB surface by opening the envi-
ronments for an electrostatic interaction among the positively and
negatively charged species. In addition, as the Cd (II) ions become closer
to the ZNiF@PB surface, the van der Waals force turns to operate. van
der Waals involved dipole-dipole interactions, induced dipole in-
teractions, and dispersion forces, which aid in the stabilization of the
adsorbed species of Cd (II) on the adsorbent surface. In particular, the
short-term variation in the distribution of the electrons inside the
adsorbent results in induced dipole interactions. Therefore, this results
in temporary dipoles that draw Cd (II) ions (Rafie et al.,, 2024).
Furthermore, the Cd (II) ions get distributed toward the adsorbent active
adsorption sites as the adsorption process advances because of the
concentration gradient of Cd (II) ions among the bulk solution and the
surface of the adsorbent. The Cd (II) ions go through the liquid film
surrounding the adsorbent through a process known as external diffu-
sion and migrate into the pores of the adsorbent through an internal
diffusion process (Obayomi et al., 2023; Lim et al., 2024). The kinetic
studies predicted the adsorbent-adsorbate interaction and the kinetic
model data followed the PSO kinetic model, signifying that Cd (II)
adsorption emphasizes the importance of chemisorption as the
rate-controlling step during the application studies. In chemisorption,
there will be exchange, transfer, or exchange of electrons among the
adsorbents and the adsorbate. This justifies that the interaction between
the surface of ZNiF@PB and the Cd (II) ions is mostly governed by
chemical interactions and implies that the rate of adsorption is primarily
dependent on the number of existing adsorption sites, as opposed to the
concentration of Cd (II) ions in the solution. The Dubinin-Radushkevich
isotherm reported the free energy of sorption (E), which ranged from 8
to 16 kJ/mol, suggesting a chemisorption process. In addition, the
adsorption energy from the thermodynamic studies showed that the
process was endothermic. Similarly, the release of heat during the

Table 4
Comparison of heavy metal removal using spinel-ferrite-coated biochar.
Adsorbents Heavy Optimum condition dosage (g), temperature (° C), pH, concentration Adsorption (capacity % References
Metals (mg/L), time (min) (mg/g) removal
MnFe,04/Zn-Fe/Rice straw cd*t 0.5g, 25 °C, ph = 6,100 mg/L 15.72 75.08 Bai et al. (2023)
, 30 min
MnFe,04-Zn-Fe/soybean cd?* 0.5g, 25 °C, ph = 6100 mg/L25 °C, ph = 6100 mg/L 25.73 76.87 Bai et al. (2023)
straw , 30 min
Mn Fe,O4-Zn ferrite/pine Pb** 0.05g, 25 °C, pH = 5, 50 mg/L, 240 min. 95.0 80.1 Niu et al. (2020)
sawdust
Mn Fe,04/pinnatifida roots cd?* 0.5g, 45 °C, pH = 6, 700 mg/L, 240 min 190.3 90.0 Jung et al. (2018)
MnFe,0,4/Laminaria Sb (V) 1.0 g, 45 °C, pH = 3, 25 mg/, 360 min 14.6 90.0 Yong et al. (2022)
japonica
CoFe,04/melon peel cd?* 1.5g, 25 °C, pH = 5, 10 mg/L, 10 min 6.78 95.7 Ozdes and Duran
(2021)
MnFe,04/rice straw cd** 0.4g, 25 °C, pH = 6, 200 mg/L, 60 min 119.04 92.2 Tan et al. (2022)
Fe304/Lentinula edodes Cr (VD) 12 g, 40 °C, pH = 3, 200 mg/L, 240 min 9.5 99.4 Wang et al. (2019)
ZNiF@PB cd?t 0.5g, 25 °C, pH = 6, 100 mg/L, 80 min 9.5 96 This work
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adsorption process further contributes to the advantageous uptake of Cd
(ID) in ZNiF@PB (Rafie et al., 2024). Furthermore, the spontaneity of the
adsorption process, which was confirmed by the change in AG values
was negative, highlighting that the process was viable in the ambient
environment. In conclusion, the uptake of Cd (II) onto the ZNiF@PB
nanocomposite could be controlled by the combination of various in-
teractions such as hydrogen bonding, electrostatic forces, van Der Waals
forces, and chemical bonding, and this conclusion is supported by the
FTIR results and favored by the kinetics and thermodynamics data.

4. Conclusions

In this adsorption study, the coprecipitation method was used to
synthesize ZNiF, PB, and ZNiF@PB nanocomposites. The three materials
were further successfully used for Cd (II) adsorption from stimulated and
real wastewater. The existence of carbonyls (C=0), aromatic hydroxyls/
carboxylic (COOH), (C-O), and Fe-O functional groups on the FTIR
spectrum of ZNiF@PB confirmed the interaction of the spinel ferrite and
biochar. The surface area of ZNiF, PB, and ZNiF @ PB was calculated to
be 78.4 m?/g, 125 m?/g, and 104 m?/g, respectively. These surface areas
significantly affected adsorption, as they provided more sorption sites
for Cd (II) adsorption. The maximum Cd (II) removal of 96% was ach-
ieved at the experimental conditions of pH 6, dosage 0.5g/50 mL, initial
Cd (II) concentration 100 mg/L, and contact time 80 min. Furthermore,
the Langmuir model described Cd (II) uptake well, showing a monolayer
adsorption process. The pseudo second-order model fits the experi-
mental data and had an R? of 0.99 which favors the chemisorption
process. Similarly, the thermodynamic investigations indicated the
adsorption process was spontaneous and resembled an endothermic
reaction with a high degree of randomness. The regeneration of ZNiF,
PB, and ZNiF@PB was carried out in up to 5 cycles of which the 3 cycles
were effective. Therefore, the attained results conclude that these
adsorbent materials can effectively remediate Cd (II) from wastewater
which could extend to clearing-ups of other heavy metal contaminants
with the possibility of industrial application.
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