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composite was 60.54 emu/g and 11.09 emu/g, respec-
tively. Both adsorbents may be easily and quickly 
separated from tainted water by an external magnetic 
field. According to the findings, both adsorbents are 
possibly reusable adsorbents for Cr(VI) adsorption. 
The main advantage of the material is that, due to 
its magnetic nature, it is easily separated from the 
adsorbate and may thus be used efficiently in sorption 
studies. As a result, this magnetic adsorbent provides 
a viable solution for the successful management of 
chromium-containing wastewater.

Keywords  Fe3O4 nanoparticles · Cr(VI) adsorption. 
Desorption of Cr(VI) · Wastewater

1  Introduction

Indeed, the current prosperity of industries has evi-
dent positive effects on economic growth, but the 
release of industrial wastes into water bodies without 
proper treatment has the potential to wipe out human-
ity (Eltaweil et al., 2021). The typical contaminants, 
like heavy metal ions and organic dyes, often co-
exist in polluted water and have significant ecological 
effects on the ecosphere because of their bio-accumu-
lation, non-biodegradability, and environmental per-
sistence (Tang et al., 2021; Wen et al., 2019).

A severe concern for the environment and human 
health is heavy metal contamination. Metals are gen-
erally non-biodegradable and enter the environment 
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through a variety of anthropogenic and natural 
sources. Chromium has recently gained a lot of inter-
est among heavy metals due to its toxicity in the envi-
ronment (Imran et al., 2020). Long-term exposure to 
high chromium concentrations increases the risk of 
diabetes, skin disease, respiratory illness, and gastro-
intestinal disease. The most common oxidation states 
of chromium in nature are Cr(III) and Cr(VI) (Manoj 
et al., 2021; Rahman & Singh, 2019; Teklay, 2016). 
Many scientists are interested in Cr(VI) since it is a 
common carcinogen that results in negatively charged 
compounds with great environmental mobility (Yao 
et al., 2020; Zou et al., 2021). As a result, removing 
Cr(VI) from aqueous solutions before releasing them 
into the environment becomes essential (Pourmor-
tazavi et al., 2019; Shekhawat et al., 2022).

Various techniques, including ion exchange, ultra-
filtration, coagulation, electrodeposition, reverse 
osmosis, chemical precipitation, and solvent extrac-
tion, have been developed by researchers to eliminate 
hexavalent chromium ions from wastewater. How-
ever, these methods have significant disadvantages 
and are not completely suitable for Cr(VI) adsorp-
tion. Owing to its flexibility, low cost, high effi-
ciency, and simple operation, adsorption technol-
ogy is recognized as the best technique among these 
(Pavithra et al., 2021).

A solid material that permits liquid or gaseous 
molecules to adhere to its surface is known as an 
adsorbent. The adsorbent surface’s chemical and 
physical characteristics, in addition to the soluble 
compounds’ qualities, determine the adsorbent’s per-
formance. A good adsorbent material should have 
both a minimal volume and a wide surface area. High 
mechanical strength, chemical and thermal stabil-
ity, high porosity, and small pore diameter—which 
result in more exposed surface area and, conse-
quently, appropriate surface chemistry that leads to 
high adsorption capacity—must be among the other 
characteristics. To suit the needs of the application, 
adsorptive materials can be designed as pellets, rods, 
moldings, or monoliths. Adsorbents made of a vari-
ety of materials have been employed for a wide range 
of purposes, including desiccants, water treatment, 
separation, catalysis, and indicators (Abegunde et al., 
2020; Younas et al., 2021).

Metal-contaminated wastewater is frequently 
treated using a variety of porous adsorbents, 
including activated carbon, natural clay, chitosan 

composite, nanoparticle and polymer-based adsor-
bents, magnetic adsorbents, etc. (Abbas & Hussain, 
2016; Abbas et  al., 2015; Arora et  al., 2019; Kob-
ielska et  al., 2018; Lodhi et  al., 2019; Soni et  al., 
2020a; Wang et al., 2023; Yan et al., 2020).

Several studies have been carried out to inves-
tigate the usage of magnetic adsorbents as a safe, 
effective, and low-cost material for separating these 
suspended adsorbents in wastewater. The varia-
tion in the response of magnetic substances to out-
side magnetic fields is associated with a variety of 
characteristics, since certain substances are much 
more magnetic than others. Magnetic nanoparticles 
(MNPs) have recently been identified as outstand-
ing adsorbents for the elimination of heavy metals. 
However, magnetism is not the only consideration 
for their application. When compared to other mate-
rials, their exceptional surface charge and redox 
activity properties are significant reasons for their 
qualification.

Fe3O4 nanoparticles have gained interest as a type 
of magnetic nanoparticle due to their unique mag-
netic characteristics and ease of preparation. But 
Fe3O4 nanoparticles are prone to agglomerate and 
lose their magnetic characteristics, which decreases 
the efficiency of removal. Significant attempts have 
been made to modify Fe3O4 nanoparticles using 
physicochemical approaches in order to overcome 
these drawbacks, retain their magnetic properties, 
and improve their adsorption performance and spe-
cific stability (Abdullah et  al., 2019; Mohammadi 
et  al., 2021; Sharma et al., 2019; Song et al., 2021; 
Zhao et al., 2021).

In this study, we present the use of Fe3O4 nan-
oparticles and Fe3O4/NiO composite as efficient 
materials for the elimination of Cr(VI). Parameters 
affecting the adsorption process, viz., the adsor-
bent’s dose, contact time, pH, initial concentration, 
temperature effect, and regeneration study, were 
evaluated to understand the mechanism. The mate-
rial was examined using BET, XRD, FT-IR, FE-
SEM, EDX, and vibrating-sample magnetometer 
(VSM) analysis in order to determine its chemical 
composition and surface characteristics. The use of 
Fe3O4 nanoparticles and Fe3O4/NiO composite as 
potential adsorbents for Cr(VI) removal was further 
probed using kinetic and isotherm models. Moreo-
ver, the reusability of both adsorbents was exam-
ined for up to six cycles.
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2 � Experimental Section and Adsorption 
Experiment

2.1 � Materials

All analytical grade chemicals as well as reagents 
were purchased from Sigma-Aldrich and utilized 
immediately without any additional refining. During 
the synthesis and adsorption studies, iron (II) chloride 
tetrahydrate, nickel (II) nitrate hexahydrate, iron (III) 
chloride hexahydrate, sodium hydroxide, and acetone 
were utilized. K2Cr2O7 was purchased from E. Merck, 
India. All aqueous solutions for the adsorption stud-
ies were prepared using Millipore Milli-Q® ultrapure 
water. As Cr(VI) has been chosen as the model con-
taminant in this investigation, solution of Cr(VI) if 
desired concentrations were prepared and used as 
adsorbate solution.

2.2 � Preparationof Fe3O4 Nanoparticles

4.75 g of iron (II) chloride tetrahydrate and 9 g of iron 
(III) chloride hexahydrate salts were added in 100 mL 
of deionized (DI) water. In this synthesis process, the 
stoichiometry of FeCl2·4H2O/FeCl3·6H2O was 1:2. 
The reaction was conducted in a N2 environment at 
80  °C while being vigorously stirred. A 25-mL ali-
quot of sodium hydroxide solution was dropped into 
the mixture while it was still being stirred, result-
ing in a pH of 10 and the production of a black pre-
cipitate. The resulting solution was then centrifuged 
three times with deionized (DI) water and then with 
acetone. External magnet was used to collect the 

Fe3O4 nanoparticles and then it was rinsed with water 
(Fig. 1) (Mohammadi et al., 2021; Weber & Morris, 
1963).

2.3 � Preparation of Fe3O4/NiO Composite

Fe3O4/NiO composite was prepared by the co-precip-
itation technique. 3.1 g of Ni(NO3)2·6H2O and 0.31 g 
of Fe3O4 nanoparticles were added to 20.0  mL of 
water. The solution’s temperature was then raised to 
75 °C using a magnetic stirrer. The second step was 
adding 20  mL of NaOH to original solution drop-
wise until a black-green suspension was attained and 
stirred for 60 min. After 60 min, a powerful magnet 
was used to remove the composite from the solu-
tion. They were then thoroughly washed with acetone 
and DI water and placed in an oven at 60 °C show in 
Fig. 2 (Hassan & Hrdina, 2022).

2.4 � Adsorption Experiments

Using the required chromium stock solution, adsorp-
tion studies were conducted to assess the tendency of 
Fe3O4 nanoparticles and Fe3O4/NiO composite for 
adsorption. In addition, several optimal conditions 
involving significant factors such as pH (4–9), adsor-
bent dose (0.01–0.14 g/L), contact time (5–70 min), 
and initial chromium concentration (2–20 mg/L) were 

Fe2+(aq) + 2Fe3+(aq) + 8OH−(aq) → Fe3O4(s) + 4H2O

Ni
(

NO3

)

2
∕Fe3O4 + 2NaOH → Ni(OH)2∕Fe3O4 + 2NaNO3

Fig. 1   Preparation of 
Fe3O4 nanoparticles
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studied. NaOH and HCl solutions were used to equili-
brate the pH. Proceeding adsorption, the remain-
ing chromium concentration was analyzed by AAS. 
Using Eqs. (1) and (2), the adsorption percent and 
equilibrium absorption of Cr(VI) by Fe3O4 nanoparti-
cles and Fe3O4/NiO composite from aqueous solution 
were calculated.

where qe is the adsorption capacity at equilibrium 
(mg/g), C0 represents the initial Cr(VI) concentration 
(mg/L), Ce is the equilibrium Cr(VI) concentration, V 
is the volume of the solution (L), and m is the mass of 
the adsorbent (g) (Li et al., 2021).

2.5 � Characterization

XRD of the Fe3O4 nanoparticles and Fe3O4/NiO 
composite were recorded on Bruker D8 Discover 
X-ray diffractometer using Cu Kα radiation. For 
XRD analysis, powdered and degassed samples 
were directly put on the sample disk of XRD and 
then exposed to the X-ray source. The XRD pat-
tern was recorded in the 2θ range of 10° and 70°. 
XRD studies revealed the crystalline character 
of the adsorbents. By using surface area analyzer 
(Quantachrome Autosorb iQ surface analyzer), N2 
adsorption–desorption studies were carried out to 

(1)% Adsorption =

(

C0 − Ce

)

× 100

C0

(2)Adsorption Capacity
(

qe
)

=

(

C0 − Ce

)

× V

m

characterize their textural properties (pore volume 
and the BET specific surface area). For the analysis 
of surface area, the samples were first degassed for 
3.0 h to remove volatile gases and were then placed 
in surface area analyzer for N2 adsorption–des-
orption. The FTIR spectra were recorded using a 
Perkin-Elmer FT-IR spectrometer. A spectrum of 
the adsorbents in the 400–4000 cm−1 range to char-
acterize the type of surface functional groups and 
the nature of chemical bonding. For the functional 
group analysis, the samples were first mixed with 
KBr powder and the sample pellets with KBr were 
prepared in the form for thin films using a pelletizer. 
Then the sample was placed in the FTIR chamber 
for analysis. A field emission scanning electron 
microscope was used to investigate the morphol-
ogy of Fe3O4 nanoparticle and Fe3O4/NiO compos-
ite as well as their elemental composition. FE-SEM 
equipped with EDX (FE-SEM, MIRA3 TESCAN, 
and an INCA Energy X-MAX-50) was used to char-
acterize the morphology and chemical composition 
of the adsorbents used in the study. For FE-SEM 
analysis, the adsorbents were first coated on carbon 
tape present on the sample holder, so as to make 
them conductive, and then the stub with the sam-
ple was placed in the FE-SEM chamber for study. 
The magnetic characteristics of the adsorbents were 
determined using a LakeShore 7404 VSM. The 
magnetic sample is mounted on the sample holder 
and placed between the electromagnetic poles, 
generally horizontally, for VSM measurement. At 
the ambient temperature, the hysteresis loops were 
measured on the VSM.

Fig. 2   Preparation of 
Fe3O4/NiO composite
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3 � Results and Discussion

3.1 � BET Surface Area

The N2 gas adsorption–desorption isotherm was 
observed in the relative pressures (p/p0) values to 
estimate the surface area and porosity values of the 
synthesized adsorbents. BET sorptometry was per-
formed to study the pore volume, average pore size, 
and surface area of the material. The N2 adsorp-
tion–desorption curves for the Fe3O4 nanoparticles 
and Fe3O4/NiO composite are depicted in Fig.  3, 
and their characteristic parameters are listed in 
Table 1. Furthermore, this figure shows that Fe3O4 
nanoparticles and Fe3O4/NiO composites follow 
the IUPAC type (IV) isotherm. In other words, it 
denotes a structure with the mesoporous nature of 
the adsorbents (Koohi et  al., 2021; Mohammadi 
et al., 2021). The surface area of synthesized Fe3O4 
nanoparticles and Fe3O4/NiO composites is equiva-
lent to 110.7 m2 g−1 and 163.9 m2 g−1, respectively. 
The Langmuir surface area and total pore volume 
of Fe3O4 nanoparticles and Fe3O4/NiO compos-
ites were 171.9 m2  g−1, 287.4 m2  g−1, and 0.484 
cm3  g−1, 0.327 cm3  g−1, respectively. The average 
pore size of the Fe3O4 nanoparticles and Fe3O4/NiO 
composite was 87.42  Å and 39.92  Å, respectively. 

As a result, the higher the surface area, the greater 
will be the adsorption capacity.

3.2 � Fourier Transform Infrared Spectroscopy

For understanding the nature of chemical bonding 
and the kinds of surface functionalities, the adsor-
bents used in this study were examined by FT-IR. The 
FT-IR spectra of Fe3O4 nanoparticles and Cr(VI)-
loaded Fe3O4 nanoparticles are demonstrated in 
Fig.  4a. Likewise, the FT-IR spectra of the Fe3O4/
NiO composite before and after the adsorption pro-
cess are demonstrated in Fig. 4b.

The distinctive peaks of nanoparticles are visible 
in the FT-IR spectra of Fe3O4 nanoparticles. The 
tensile vibrations of the Fe–O and Ni–O bonds were 
measured between 500 and 650  cm−1. This band is 

Fig. 3   N2 sorption isotherm of a Fe3O4 nanoparticle, b Fe3O4/NiO composite

Table 1   Surface parameters of Fe3O4 nanoparticle and Fe3O4/
NiO composite before Cr(VI) adsorption

Parameters Fe3O4 Fe3O4/NiO

Specific surface area (m2/g) 110.7 163.9
Langmuir surface area (m2/g) 171.9 287.4
Average pore size (Å) 87.42 39.92
Total pore volume (cc/g) 0.484 0.327
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very sharp and has strong intensity, indicating the 
crystallinity of the sample.

The broad bands around 3401 cm−1 and 1626 cm−1 
were due to the O–H stretching vibration of surface-
adsorbed water molecules. The bands located around 
1386  cm−1 and 1076  cm−1 were attributed to the 
asymmetric and symmetric stretching vibrations of 
COO− (Fig.  4a). The O–H stretching vibration of 
surface-adsorbed water molecules is responsible for 
the broad band around 3491  cm−1 (Fig.  4b) (Chaki 
et al., 2015; Mahdavi & Amini, 2016; Munkaila et al., 
2021; Nodehi et al., 2022; Shi et al., 2020).

After Cr(VI) adsorption, there is a minor shift in 
the band centered at 549 cm−1, corresponding to the 

Fe–O bonds, which changes to 547 cm−1, suggesting 
the formation of Fe–O–Cr on the magnetite surface. 
Peak values in Fe3O4 and Fe3O4/NiO composites 
showed significant changes in Table 2.

3.3 � X‑ray Diffraction

To understand more about the chemical and physical 
composition of the magnetic particles, X-ray diffrac-
tion (XRD) is a highly valuable technique. Figure 5 
represents the XRD pattern of Fe3O4 nanoparticle and 
Fe3O4/NiO composite. The crystalline phase of Fe3O4 
nanoparticle and Fe3O4/NiO composite was analyzed 
by XRD.

Fig. 4   FTIR spectra of a Fe3O4 nanoparticles and b Fe3O4/NiO composite (before and after Cr(VI) adsorption)

Table 2   FTIR spectra of 
Fe3O4 nanoparticle and 
Fe3O4/NiO composite

IR wavenumbers (cm−1) Assignment of absorption bands

Fe3O4 nanoparticles Fe3O4/NiO composite

3401 cm−1 and 1626 cm−1 3491 cm−1 O–H stretching vibration of 
surface-adsorbed water 
molecules

1386 cm−1 and 1076 cm−1 1378 cm−1 Asymmetric and symmetric 
stretching vibrations of COO−

549 cm−1 509 cm−1 M–O bonds
547 cm−1 515 cm−1 M–O–Cr bonds
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It was notable that Fe3O4 nanoparticles showed 
XRD pattern with diffraction peaks at 2θ = 30.1°, 
35.5°, 43.2°, 53.6°, 57.3°, and 62.7° relative to the 
diffractions of (220), (311), (400), (422), (511), and 
(440) crystal faces of Fe3O4 (Mohammadi et  al., 
2021). The peaks at 2θ = 30.1°, 33.03°, 35.5°, 38.38°, 
43.23°, 51.8°, 57.2°, 59.09°, 62.7°, 75°, and 79.4° are 
associated with Fe3O4/NiO composite. The crystal 
plane of NiO is (1 1 1), (2 0 0), (2 2 0), (2 2 2), and 
(4 0 0) (Ashan et al., 2018; Koohi et al., 2021; Mah-
davi & Amini, 2016). The crystallite size of produced 
Fe3O4-NPs can be estimated using the Debye–Scher-
rer equation, which demonstrates a link between 
X-ray diffraction peak broadening and crystallite size. 
The Debye–Scherrer equation is presented as follows:

The equation for manufactured Fe3O4 NPs for 
(hkl) phase is as follows: d is the crystallite size, k 
is the Scherrer constant (0.9), λ is the X-ray wave-
length of radiation for Cu Kα (0.154 nm), βhkl is the 
full-width at half maximum (FWHM) at (hkl) peak 
in radian, and θ hkl is the diffraction angle for the 
(hkl) phase. The crystallite size of synthesized Fe3O4 
NPs was determined to be 6.25  nm using an equa-
tion based on the full-width at half maximum of the 
Fe3O4 (311) diffraction peak at 2θ = 35.35°. Based on 
the X-ray diffraction pattern, the produced Fe3O4 NPs 

d =
kλ

βhklcosθhkl

were determined to be high purity crystalline, with no 
impurity peak detected.

3.4 � FE‑SEM Analysis

The morphology of Fe3O4 nanoparticles and Fe3O4/
NiO composite was investigated using FE-SEM, and 
the elemental composition was determined using 
EDX. SEM and EDX images of both are displayed in 
Fig.  6. The spherical-shaped particles with agglom-
eration were observed in synthesized Fe3O4 nano-
particles (Fig.  6a). In Fig.  6b, the synthesized com-
posite particles are distributed relatively uniformly. 
Also, the particles are strongly clumped together. The 
inserted figure shows the porosity in the Fe3O4/NiO 
composite. Figure 6c and d depict the corresponding 
EDX spectra, which show the elemental composition 
of Fe3O4 nanoparticles and Fe3O4/NiO composites 
(Mohammadi et al., 2021; Nodehi et al., 2022).

3.5 � Magnetization

To evaluate the adsorbents’ magnetic properties, 
VSM tests was utilized (Ashan et al., 2018). Magneti-
zation curves were utilized to examine the magnetic 
properties of the magnetic materials under investi-
gation. Figure  7 illustrates the magnetization curves 
of Fe3O4 nanoparticles, Fe3O4/NiO, and Fe3O4/NiO-
Cr(VI) composites. The saturation magnetization 
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Fig. 5   XRD spectra for a Fe3O4 nanoparticle and b Fe3O4/NiO composite (before and after Cr(VI) adsorption)
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of the Fe3O4 nanoparticle and Fe3O4/NiO compos-
ite was 60.54  emu/g and 11.09  emu/g, respectively, 
though, even at this saturation magnetization value, a 
magnetic field is sufficient to separate the adsorbent 
from the aqueous medium (Mahmoudi & Behnajady, 
2018). The existence of a non-magnetic shell reduces 
the magnetization of the Fe3O4/NiO composite. The 
shell’s interaction with Fe3O4 nanoparticle surface 
locks of the surface spins, lowering magnetic torque 
in the Fe3O4/NiO composite. Because lowering the 
size of the particle leads to an increase in the propor-
tion of surface atoms, even minor irregularities in the 
surface layers have a significant impact on nanoparti-
cle magnetic saturation (Nodehi et al., 2022).

3.6 � Zeta Sizer

The particle size distribution of Fe3O4 nanoparticles 
was analyzed using zeta sizer. The particle size distri-
bution nanoparticles was found to be 180.7 nm.

Zeta potential further confirmed the successful 
fabrication of Fe3O4 nanoparticles. The zeta potential 
of Fe3O4 nanoparticles was − 22.7 eV show in Fig. 8.

3.7 � Study of Kinetics of Adsorption of Cr(VI) on to 
the Adsorbents, Fe3O4 Nanoparticle, and Fe3O4/
NiO Composite

Adsorption kinetics explains how the material’s 
chemical and physical characteristics affect the reac-
tion’s rate and pathways. Using the pseudo-first-order 
(PFO) and pseudo-second-order (PSO) models, the 
kinetics of adsorption were explained.

Adsorption in a solid–liquid system was described 
using the PFO kinetic model. According to this 
model, one metal ion is adsorbed per sorption site on 
the adsorbent’s surface (Suo et al., 2019). PFO is rep-
resented by

where k1 (min−1) is the PFO sorption rate constant.

(3)ln
(

qe − qt
)

= lnqe − k1 × t

The kinetic plot for PFO for Cr(VI) adsorption was 
obtained by plotting ln(qe − qt) against t. The rate con-
stant and equilibrium adsorption capacity were calcu-
lated using the slope and intercept (Fig. 9a).

In accordance with the PSO model, one metal ion 
is adsorbed onto two sorption sites on the adsorbent’s 
surface. This model has been utilized to investigate 
the kinetics of chemisorption from liquid solutions 
(Almomani & Bhosale, 2021; Bin-Dahman & Saleh, 
2024). PSO is represented as

where k2 (g mg−1  min−1) is the PSO rate constant. 
The graph displayed between t/qt and t in Fig. 9b pro-
duces a straight line, and the slope and intercept may 
be used to get the values of qe and k2, respectively 
(Khare et al., 2018).

The k1 of PFO was found to be 0.073 and 
0.115  min−1 for Fe3O4 nanoparticles and Fe3O4/NiO 
composite, respectively. While the k2 of PSO was 
determined to be 0.00102 and 0.0013 g  mg−1  min−1 
for Fe3O4 nanoparticles and Fe3O4/NiO composite, 
respectively.

For Cr(VI) ions, the R2 values obtained from 
the PSO model were 0.988 and 0.976, while those 
obtained from the PFO model were 0.876 and 0.805 
for Fe3O4 nanoparticles and Fe3O4/NiO composite, 
respectively. The best-fitting model for the adsorption 
process was PSO, according to R2 analysis. Table  3 
shows the corresponding kinetic parameters. These 
results also revealed that the as-prepared adsorbents’ 
adsorption kinetics may be adequately explained by 
the PSO model, indicating that chemical adsorption is 
the step that determines rate. The observations reveal 
that adsorption happens via chemical interactions 
(chemisorption) and the availability of adsorption 
sites. The Cr(VI) adsorption by Fe3O4 nanoparticles 
and Fe3O4/NiO composite was thus investigated using 
a PSO model.

3.8 � Adsorption Isotherm

Adsorption isotherm is a key consideration in the 
development of adsorption systems and is frequently 
employed for the evaluation of the adsorption capac-
ity (Li et  al., 2021). It is also used to describe the 
interaction between the adsorbate and the adsorbent. 
The adsorption capacity of Fe3O4 nanoparticles and 

(4)t∕qt = 1∕(k2 × q2
e
) + t∕qe

Fig. 6   FESEM image of a Fe3O4 nanoparticles, b Fe3O4/NiO 
composite, and EDX image of c Fe3O4 nanoparticles, d Fe3O4/
NiO composite, e Fe3O4 nanoparticles after absorption Cr, f 
Fe3O4/NiO composite after absorption Cr

◂
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Fe3O4/NiO composite was estimated using isotherm 
models, including Langmuir, Freundlich, Temkin, 
Harkins–Jura, Hasley, and Redlich and Peterson (Sar-
aswat et al., 2020).

In order to depict monomolecular layer adsorp-
tion, the Langmuir isotherm model presupposes that 
the adsorption takes place on a homogenous surface 
and that there is no interaction between adsorbate 

molecules. Linearized forms of the Langmuir iso-
therm are represented as

where KL is the Langmuir adsorption equilibrium 
constant.

The parameters were obtained by plotting Ce/qe 
vs Ce, 1/qe vs 1/Ce, and qe vs qe/Ce (Figs.  10 and 
11) (Raghav & Kumar, 2019). The values of qm and 
other Langmuir parameters are shown in Table  3. 
For Fe3O4 nanoparticles and the Fe3O4/NiO compos-
ite, the qm value determined by the Langmuir type 1 
isotherm was 96.15 mg g−1 and 150 mg g−1, respec-
tively. Among the three types of Langmuir isotherms, 
Langmuir type 1 is best suited for the process of 
adsorption.

The Freundlich adsorption model presupposes 
that the surfaces of the adsorbents are heterogeneous 
and contain sites with various adsorption potentials. 
Furthermore, it is hypothesized that stronger binding 
sites are used first and that binding strength decreases 
as occupancy rises (Gayathri et al., 2021). The line-
arized form is represented as

(5)Langmuir type 1
Ce

qe
=

1

KLqm
+

Ce

qm

(6)lnqe = ln KF +
1

n
ln Ce

Fig. 7   Magnetization curves of the Fe3O4 nanoparticle, 
Fe3O4/NiO composite, and Fe3O4/NiO composite after Cr(VI) 
adsorption

Fig. 8   a Particle size distribution of Fe3O4 nanoparticles and b zeta potential of Fe3O4 nanoparticles
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where KF is the Freundlich constant and n is the 
adsorption intensity, indicating favorable or unfa-
vorable adsorption processes. The parameters were 
obtained by plotting lnqe vs lnCe (Fig. 12a). The Fre-
undlich isotherm becomes linear at n = 1 and shows 
that the adsorption affinities of all the sites on the 
Fe3O4 nanoparticles and the Fe3O4/NiO composite are 
equal. Adsorption intensity (n > 1) shows that affinity 
decreases as adsorption density increases, whereas 
n < 1 shows poor adsorption. For the Cr(VI) adsorp-
tion process, the adsorption intensity (n) values were 
1.92 and 1.96 for Fe3O4 nanoparticles and Fe3O4/NiO 

composite which are larger than 1, indicating favora-
ble adsorption. Good adsorption is indicated by the 
Freundlich isotherm constant value of 1/n, which is 
between 0 and 1. The KF and 1/n values were deter-
mined to be 140.54 and 0.522 for Fe3O4 nanoparti-
cles and 179.82 and 0.51 for Fe3O4/NiO composite, 
respectively. The R2 value of Freundlich model was 
found to be 0.692 and 0.875 for Fe3O4 nanoparticles 
and Fe3O4/NiO composite.

According to the Temkin isotherm, the adsorp-
tion energy decreases linearly rather than logarith-
mically. This isotherm is known for describing how 
adsorbate and adsorbent interact (Azizkhani et  al., 
2021). The isotherm is given by the equation

where BT =
RT

bT

where BT is the heat of adsorption, the Tem-
kin isotherm constant, or bT, measures the change 
in adsorption energy, and KT is the equilibrium 
binding constant. Figure  12b shows the Temkin 
isotherm, and the values of BT were 28.69 and 
19.84  J  mol−1 for Fe3O4 nanoparticles and Fe3O4/
NiO composite, respectively. The values of KT are 
0.061 and 0.237 L mg−1 for Fe3O4 nanoparticles and 
Fe3O4/NiO composite, respectively. The R2 value of 

(7)qe =
RT

bT
ln (KTCe)

(8)qe = BTln (KTCe)
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Fig. 9   a PFO and b PSO for Fe3O4 nanoparticles and Fe3O4/NiO composite

Table 3   Kinetic parameters of Fe3O4 nanoparticle and Fe3O4/
NiO composite

Adsorbent Kinetic models Parameters Values

Fe3O4 PFO k1 (min−1) 0.073
qe (mg/g) 84.41
R2 0.876

PSO k2 (g/mg/ min) 0.00102
qe (mg/g) 62.81
R2 0.988

Fe3O4/NiO PFO k1 (min−1) 0.115
qe (mg/g) 130.82
R2 0.805

PSO k2 (g/mg/ min) 0.0013
qe (mg/g) 67.20
R2 0.976
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Temkin model was found to be 0.893 and 0.631 for 
Fe3O4 nanoparticles and Fe3O4/NiO composite.

According to the Harkins–Jura model, which 
focuses on multilayer adsorption and the existence 
of heterogeneous pore distribution on adsorbent 
surfaces (Khan et al., 2022), this can be defined as

where BHJ and AHJ are the Harkins–Jura constant. The 
slope and intercept of the linear plot based on 1/qe

2 
vs log(Ce) can be used to determine BHJ and AHJ. Fig-
ure  12 c shows the Harkins–Jura model for Cr(VI) 
removal on both adsorbents, and Table 4 summarizes 
the required isotherm parameters. The R2 value of 
Harkins–Jura model was found to be 0.425 and 0.325 
for Fe3O4 nanoparticles and Fe3O4/NiO composite.

Additionally, multilayer adsorption at a compara-
tively great distance from the surface was assessed 

(9)
1

q2
e

=
BHJ

AHJ

−
1

AHJ

log (Ce)

using the Hasley isotherm model (Buema et  al., 
2021). The adsorption isotherm can be written as

where KH and nH are the Hasley constants, which can 
be calculated from the slope and the intercept of the 
linear plot based on ln(qe) vs ln(1/Ce). Figure  12 d 
shows the Hasley isotherm model for Cr(VI) removal. 
The R2 value of Hasley model was found to be 0.692 
and 0.674 for Fe3O4 nanoparticles and Fe3O4/NiO 
composite.

The Freundlich and Langmuir isotherms are part 
of the three-parameter Redlich-Peterson empirical 
adsorption model (Naik et  al., 2023). The isotherm 
has the following linear form

(10)ln qe =
1

nH
lnKH −

1

nH
ln

1

Ce

(11)ln
Ce

qe
= BlnCe − lnA

Fig. 10   Different types of 
Langmuir plots for Fe3O4 
nanoparticle (a–c)
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where A (L g−1) and B (L mg−1) are the Redlich-
Peterson isotherm constants. Figure  12 e illustrates 
the plot of ln(Ce/qe) against lnCe. The values of the 
Redlich-Peterson isotherm constants are presented in 
Table 4. The R2 value of Redlich-Peterson was found 
to be 0.950 and 0.977 for Fe3O4 nanoparticles and 
Fe3O4/NiO composite.

3.9 � Thermodynamic Study

Thermodynamic parameters were calculated in order 
to analyze the thermodynamics of the adsorption of 
Cr(VI) ions onto Fe3O4 nanoparticles and Fe3O4/NiO 
composite. The ΔG denotes the spontaneity of the 
adsorption process. ΔH determines whether the sorp-
tion process is endothermic or exothermic. The follow-
ing equations were used to determine the thermody-
namic parameters.

(12)lnCe = −lnKo + ΔH∕RT

Using the above equation, the plot of ln Ce vs 
1/T is shown in Fig.  12 (Raghav & Kumar, 2018). 
Table  5 shows the thermodynamic parameters for 
Cr(VI) adsorption on both the adsorbents. The cal-
culated ΔG values were as follows: − 56.74, − 58.61, 
and − 60.49  kJ  mol−1 for Fe3O4 nanoparticles 
and − 57.43, − 59.32, and − 61.22  kJ  mol−1 for 
Fe3O4/NiO composite at 303 K, 313 K, and 323 K, 
respectively. The negative values of ΔG demon-
strated that the sorption process of Cr(VI) by adsor-
bents was feasible and spontaneous. The negative 
ΔH values of − 59.27 and − 61.31  kJ  mol−1 for 
Fe3O4 nanoparticles and Fe3O4/NiO composite, 
respectively, proved the exothermic nature of the 
process.

Furthermore, positive ΔS values suggested that 
the adsorbent surface had an affinity for the Cr(VI) 
ion and that the degrees of disorder and randomness 

(13)ΔG = ΔH − TΔS

Fig. 11   Different types of 
Langmuir plots for Fe3O4/
NiO composite (a–c)
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at the solid-solution interface were high in show in 
Fig. 13.

3.10 � Variation of Adsorbent Dose

The dosage of the adsorbent is a crucial functional 
component that significantly affects the removal 
efficiency and adsorption capacity. It is critical to 
assess the effectiveness and efficiency of the adsorp-
tion process. The adsorbent dosage should show 
high removal efficiency and a suitable capacity to 

adsorb. Figure  14 depicts the influence of adsor-
bent dose on percentage removal and adsorption 
capacity of Cr(VI). As is well known, upon increas-
ing Fe3O4 nanoparticle dosage from 0.01 to 0.14 g 
L−1, a reduction in adsorption capacity from 125 to 
17.75 mg g−1 occurs while improving removal effi-
ciency from 50 to 99.4%. Also, adsorption capac-
ity decreases from 147.5 to 17.786  mg  g−1, and 
removal efficiency increases from 59 to 99.6% for 
Fe3O4/NiO as dosage increases from 0.01 to 0.14 g 
L−1. On increasing the adsorbent’s dosage, the 

Fig. 12   a Freundlich, b 
Temkin, c Harkins–Jura, d 
Hasley, e Redlich-Peterson 
isotherm plots for Fe3O4 
nanoparticles and Fe3O4/
NiO composite
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number of unsaturated sites in the process increases, 
or the agglomeration of Fe3O4 nanoparticles and 
Fe3O4/NiO composite results in a reduction in the 
accessible surface area and the adsorption capacity 
(Nodehi et al., 2022).

3.11 � Variation of pH

Particularly, compared to Fe3O4 nanoparticles, Fe3O4/
NiO composite had greater Cr(VI) removal efficiency. 
As can be seen in Fig. 15a, a pH range of 4 to 9 was 
used to investigate the effect of pH on the ability of 
Fe3O4 nanoparticles and Fe3O4/NiO composite to 
remove Cr(VI). For both adsorbents, the greatest 

Cr(VI) removal efficiency was noted at pH 5. As 
demonstrated in Fig. 15a, in a pH range of 4 to 5, the 
% adsorption increases, while a further increase in pH 
up to 9 results in a dramatic decrease in % adsorp-
tion. The percentage adsorption for Cr(VI) reached 
90% and 94.5% for Fe3O4 nanoparticles and Fe3O4/
NiO composite at pH = 5. Generally, chromium exists 

Table 4   Isotherm parameters of Fe3O4 nanoparticles and 
Fe3O4/NiO composite
Adsorbent Adsorption isotherm Parameters Values

Fe3O4 Langmuir type 1 qm (mg/g) 96.15
KL (L/mg) 0.014
RL 0.003
R2 0.991

Langmuir type 2 qm (mg/g) 103
KL (L/mg) 0.003
RL 0.015
R2 0.821

Langmuir type 3 qm (mg/g) 98.02
KL (L/mg) 0.0098
RL 0.005
R2 0.48

Freundlich KF 140.54
n 1.92
1/n 0.522
R2 0.692

Temkin bT (kJ/mol) 0.089
BT (J/mol) 28.69
KT (L/mg) 0.061
R2 0.893

Harkins–Jura AHJ 2930
BHJ 0.094
R2 0.425

Hasley KH 13.006
nH 1.916
R2 0.692

Redlich-Peterson B 0.781
A 118.77
R2 0.950

Table 4   (continued)

Adsorbent Adsorption isotherm Parameters Values

Fe3O4/NiO Langmuir type 1 qm (mg/g) 150

KL (L/mg) 0.004

RL 0.012

R2 0.987

Langmuir type 2 qm (mg/g) 107

KL (L/mg) 0.012

RL 0.0038

R2 0.961

Langmuir type 3 qm (mg/g) 103.26

KL (L/mg) 0.014

RL 0.0035

R2 0.666

Freundlich KF 179.82

n 1.96

1/n 0.51

R2 0.875

Temkin bT (kJ/mol) 0.127

BT (J/mol) 19.84

KT (L/mg) 0.237

R2 0.631

Harkins–Jura AHJ 3640

BHJ 0.215

R2 0.325

Hasley KH 167.55

nH 2.475

R2 0.674

Redlich-Peterson B 0.759

A 141.837

R2 0.977
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in the pH range of 1–6 in the form of HCrO4
−, fol-

lowed by CrO4
2− and Cr2O7

2− ions. In an acidic envi-
ronment, the adsorbent surface was protonated with 

H+ ions, which facilitated the electrostatic attraction 
of Cr(VI) ions in the form of HCrO4

− ions to the 
positively charged adsorbent surface. When the pH 
is increased, the surface of both adsorbents becomes 
less positively charged, reducing electrostatic attrac-
tions between the adsorbent surface and negatively 
charged species and thereby lowering adsorption 
efficiency. With increasing solution pH, the competi-
tion of OH− for the few adsorption sites became more 
intense. As a result, pH 5 was chosen as the most suit-
able condition in this study. Hence, all subsequent 
adsorption tests were carried out at pH 5 to achieve 
maximum removal of Cr(VI) onto both adsorbents 
(Kang et al., 2022).

3.12 � Variation of Contact Time

Another aspect that influences adsorption capac-
ity is contact time. The equilibrium adsorption con-
tact time and the rate at which it is reached are two 
important characteristics of adsorption. To assess the 

Table 5   The 
thermodynamic parameters 
of Fe3O4 nanoparticles and 
Fe3O4/NiO composite

Adsorbent R2 ΔH (kJ mol−1) ΔS (J mol−1 K−1) ΔG (kJ mol−1)

303 K 313 K 323 K

Fe3O4 0.99281  − 59.27 187.09  − 56.74  − 58.61  − 60.49
Fe3O4/NiO 0.97719  − 61.31 189.35  − 57.43  − 59.32  − 61.22

Fig. 13   Linear dependence of ln(Ce) on 1/T based on adsorp-
tion thermodynamics for Fe3O4 nanoparticles and Fe3O4/NiO 
composite

Fig. 14   Variation of adsorbent dose a Fe3O4 nanoparticles and b Fe3O4/NiO composite
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Cr(VI) adsorption behavior by Fe3O4 nanoparticles 
and Fe3O4/NiO composite, the effect of contact time 
between the adsorbent and adsorbate was optimized 
in this work by altering the contact duration from 5 
to 70 min (Fig. 15b). At 60 min, the maximal adsorp-
tion capacity occurs, demonstrating fast adsorption at 
the start of the adsorption. The capacity of adsorption 
reached 48 mg g−1 and 49.8 mg g−1 for Fe3O4 nano-
particles and Fe3O4/NiO composite in the first 60 min 
of the process, respectively. After achieving equi-
librium, increasing the contact time had no further 
influence on sorption. The remaining ions in solution 
have a harder time diffusing to and interacting with 

the adsorbent as time goes on because the adsorbent 
sites are gradually filled up. The huge surface area 
accessible for Cr(VI) adsorption causes rapid adsorp-
tion at the start of the contact time. According to the 
findings, the equilibrium time for the elimination of 
Cr(VI) was 60 min (Nodehi et al., 2022).

3.13 � Variation of Initial Concentration

Initial concentration variations are one of the most 
important criteria for optimizing the related val-
ues between contaminants in aqueous media and 

Fig. 15   Variation of a pH, b contact time, and c initial concentration
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adsorbents in equilibrium studies. The effect of ini-
tial Cr(VI) concentration on the adsorption capacity 
of Fe3O4 nanoparticles and Fe3O4/NiO composite was 
examined at concentrations varying from 2 to 20 mg 
L−1. Figure 15 c illustrates how the Cr(VI) adsorption 
capacity increases from 12.25 to 115.625 mg g−1 and 
12.4375 to 119.375  mg  g−1 for Fe3O4 nanoparticles 
and Fe3O4/NiO composite, respectively, as the start-
ing solution concentration rises from 2 to 20 mg L−1 
(Koohi et al., 2021). As the concentration of Cr(VI) 
increases above the previously indicated thresh-
old, the active adsorbent sites are rapidly occupied. 
Hence, the adsorbent is unable to absorb any further 
Cr(VI) values. The saturation of the adsorbent surface 
inhibits further adsorption (Mahmoudi & Behnajady, 
2018). At initial concentration of 10  mg L−1, maxi-
mum percentage removal and sufficient adsorption 
capacity were observed for Fe3O4 nanoparticles and 
Fe3O4/NiO composite. Therefore, 10  mg L−1 was 
chosen as an optimal adsorbate concentration for 
study of both the adsorbents.

3.14 � Comparative Study

In Table  6 study the comparative study the rela-
tive adsorption capacity of different adsorbents for 
removal of Cr(VI).

3.15 � Regeneration Studies

It is highly beneficial to conduct researches on the 
rate of desorption and the capacity to recover adsor-
bent during the reuse of regenerated adsorbents. 
Additionally, adsorbent regeneration research is cru-
cial for environmental considerations in addition to 
economic ones. Figure  16 depicts the regeneration 
and reuse performance of Fe3O4 nanoparticles and 
Fe3O4/NiO composites over six successive adsorp-
tion–desorption experiment cycles. For this work, 
NaOH solution (0.1  M) was used as the desorption 
medium. Fe3O4 nanoparticles and Fe3O4/NiO com-
posite after the experiment were stirred continuously 
for 30  min in NaOH solution. After six cycles, the 
percentage removal of Cr(VI) by Fe3O4 nanoparti-
cles and Fe3O4/NiO composite was reduced from 97 
to 54% and 98.45 to 71%, respectively. That could 
be explained by the fact that not all of the Cr(VI) 
molecules that had been previously adsorbed during 
the regeneration process were really desorbed. Our 
findings demonstrated that Fe3O4 nanoparticles and 
Fe3O4/NiO composites are promising materials for 
the elimination of Cr(VI) from a reusability perspec-
tive since they can be rapidly regenerated by NaOH 
eluting treatment and reutilized well in the following 
cycle (Koohi et al., 2021).

Table 6   The relative adsorption capacity of different adsorbents for removal of Cr (VI)

S. no Materials Qe (mg/g) References

1 Fe3O4/C nanocomposites 64.0 Su et al., (2019)
2 Fe3O4/graphene oxide (GO)/clay composite 71.47 Esmaeili & Tamjidi, (2020)
3 Chitosan@Fe3O4 16.94 Sanchayanukun & Muncharoen, (2019)
4 g-C3N4/Fe3O4 nanocomposites 59.2 Duan et al., (2019)
5 Graphene oxide-magnetic composite 3.197 Neolaka., (2020)
6 Core–shell Fe3O4@Ce-Zr binary oxide 66.7 Yu & Fu, (2020)
7 Magnetic greigite/biochar composite 23.25 Wang et al., (2020)
8 Magnetic biochar nanocomposites 80.96 Santhosh et al., (2020)
9 Fe3O4-coated nanofibers based on cellulose acetate 193.2 Karamipour et al., (2020)
10 Magnetic composite functionalized with 3-aminopropyl 

triethoxysilane
64.92 Nnadozie & Ajibade, (2020)

11 Fe3O4 nanoparticle 96.15 This work
12 Fe3O4/NiO composite 150 This work
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3.16 � Mechanism

The pH values affect the different forms of chromium 
that are present in solutions. In acidic solutions, Fe3O4/
NiO was protonated and had a positively charged 
surface. The primary forms that were present were 
Cr2O7

2− and HCrO4−. Consequently, electrostatic 
interactions between the positively charged surface and 
chromate anions served as the primary adsorption pro-
cesses of Cr(VI).After adsorption, FTIR was also used 
to describe Fe3O4 nanoparticle and Fe3O4/NiO com-
posite. Moreover, a minor shift in the peak’s position 
from 3401 to 3408  cm−1 for Fe3O4 nanoparticle and 
3491 to 3497 cm−1 could be seen for Fe3O4/NiO com-
posite, showing an electrostatic interaction between 
the Cr(VI) and the adsorbent. These were most likely 
caused by the electrostatic interactions (Fe–OH2

+…
HCrO4−), according to earlier studies (Miao et  al., 
2021; Sirajudheen et al., 2020; Yang et al., 2020).

3.17 � Cost Analysis

Cost-effectiveness is a key consideration for adsor-
bents utilized in the industry. Fe3O4 nanoparticles 
and Fe3O4/NiO composites were prepared using the 
chemicals of analytical reagent grade. Both the dry 
Fe3O4 nanoparticles and the Fe3O4/NiO composite 
are currently expensive in the lab, costing roughly US 
$110.00 and $149.07 per kg, respectively. However, 
the cost of Cr(VI) adsorption on both adsorbents is 

reasonable when compared to more conventional 
adsorbents. It is anticipated that in the future, indus-
trial-grade raw materials intended for commercial 
applications would take the place of analytical-grade 
compounds in the large-scale synthesis of adsorbents. 
As a result, the price of the adsorbents and their use 
will go down significantly (Soni et al., 2020b).

4 � Conclusion and Future Perspective

Effective adsorbents are essential, as evidenced by the 
rise in water scarcity and the requirement for water 
treatment. Presently, contaminated water is treated 
using magnetic nanoparticles and their composites 
that have been tailored in terms of size, content, mag-
netic properties, and structure. Fe3O4 nanoparticles 
and Fe3O4/NiO composite have been successfully syn-
thesized and used as promising sorbents for Cr(VI) 
adsorption. Adsorption variables such as dose, contact 
time, initial concentration, and pH were all taken into 
account and optimized. The prepared adsorbents were 
comprehensively characterized by various techniques 
to understand the surface parameters and physical 
properties necessary for good adsorption. The results 
were successfully described by the Langmuir isotherm 
model, which demonstrated monolayer coverage with 
a chemisorption-type adsorption mechanism. The 
utmost adsorption capacities of the Fe3O4 nanoparti-
cles and Fe3O4/NiO composite were 96.15 mg g−1 and 
150 mg  g−1, respectively. The RL results also demon-
strated that adsorption is feasible. The kinetic mod-
eling revealed that the experimental findings fit well 
with the PSO model. Following adsorption, an external 
magnetic field was employed to remove the adsorbents 
from the aqueous medium, and six adsorption/desorp-
tion cycle experiments demonstrated that Cr(VI) adsor-
bents were exceptionally reusable. As a result of these 
findings, it is possible to conclude that the developed 
Fe3O4 nanoparticle and Fe3O4/NiO composite can be 
used as a low-cost, easily available precursor with good 
reusability, easy separation, and high efficiency as an 
adsorbent to remove chromium from wastewater.

The following are our major conclusions and 
future perspectives:

(1)	 Fe3O4 nanoparticles and their composites have 
the advantages of being inexpensive, tunable, and 

Fig. 16   Regeneration studies of Fe3O4 nanoparticle and 
Fe3O4/NiO composite
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having outstanding magnetic properties as adsor-
bents.

(2)	 In comparison to other adsorbents that have been 
previously described, Fe3O4 nanoparticles and 
their composites exhibit a larger sorption capac-
ity and a fast sorption rate.

(3)	 The adsorption properties of Fe3O4 nanoparticles 
and their composites are influenced by various 
factors, including surface area, surface charge, 
annealing temperature, functional groups, and 
cation distribution.

(4)	 Regeneration of these adsorbents can be accom-
plished by using low concentrations of acids or 
bases or by adjusting the pH of the solution. Fur-
thermore, consistent adsorption–desorption pat-
terns have been noted after multiple regeneration 
cycles.

(5)	 A broad pH range is required for Fe3O4 nanopar-
ticles and their composites to function in real-
world scenarios.

(6)	 Comparing magnetic adsorbents to various new 
generation adsorbents, an additional benefit is 
their simple sorption-magnetic separation-regen-
eration properties, which speed up the cyclic 
and repeated use of magnetic adsorbents over 
extended periods of time.

(7)	 Prior to being used as either catalysts that pro-
mote organic processes or for the breakdown of 
organic pollutants, more research is required on 
pollutant-loaded magnetic sorbents.
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