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Abstract
The study optimized the chromium removal capacity of Fe2O3 nanoparticles through the infusion of cobalt using a single-
step synthesis method. This approach not only enhanced their magnetic properties but also employs less-chemical synthesis 
techniques, ultimately yielding highly magnetic CoFe2O4 nanoparticles and less impurities. The prepared materials under-
went comprehensive testing, encompassing examinations of their optical properties, structure, chemical composition, and 
surface characteristics using various analyticals methods. In a span of 90 min under visible light exposure, CoFe2O4 nano-
particles exhibit the ability to remove more that 90% of chromium. This was corroborated through analysis using Inductively 
Coupled Plasma-Optical Emission Spectroscopy (ICP-OES). Moreover, the study illustrates that increased temperatures 
amplify the endothermic process of chromium adsorption. Positive ΔH°, negative ΔS°, and heightened Cr(IV) adsorption 
are linked to the temperature effects on solubility, mobility, and dissolved oxygen. Both Langmuir (R2 = 0.95, RL = 0.055) 
and Freundlich models (R2 = 0.98, n = 0.69) suggest favorable adsorption. The efficient Cr(IV) adsorption by CoFe2O4 
nanocomposite is attributed to a rapid reaction rate and substantial capacity, following pseudo-second order kinetics (rate 
constant 0.01 g mg−1 min−1, R2 = 0.99).
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Introduction

Heavy metals, including chromium, found in industrial 
effluents have a significant impact on water pollution and 
adverse health effects. Chromium is mainly produced by 
industrial processes, such as metallurgy, electroplating, 
tanning, wood preservation and petroleum refining [1–3]. 
In the aquatic environment, chromium is mainly present 
in Cr3+ and Cr6+ oxidation states. In addition to being 
carcinogenic, Cr6+ species exhibit toxicity levels approxi-
mately one hundred times greater than those of Cr3+. Fur-
thermore, Cr6+ exhibits a greater degree of mobility as a 
result of its low adsorption on inorganic surfaces [4–6]. 
Excessive inhalation or absorption of Cr6+ water may 
cause cancer, tissue damage, and dermatitis. Cr3+ and 
Cr6+ are permissible levels in the environment at 5 ppm 
and 0.05 ppm, respectively; however, water concentra-
tions range from 10–100 ppm due to their increased use 
[7]. The presence of this pollutant in water necessitates 
treatment before use. Various methods, such as reduction, 
precipitation, ion exchange, reverse osmosis, electrodi-
alysis, and adsorption processes, have been employed to 
treat water containing chromium [8–11]. Although many 
of these methods are effective in removing Cr6+, they are 
often costly or inefficient. Due to the ability to remove a 
wide variety of chemical pollutants, advanced oxidation 
technologies such as photocatalysis have received consid-
erable attention [6]. A number of significant advantages of 
photocatalysis have recently attracted increasing attention 
due to their environmental friendliness, high efficiency, 
and cost-effectiveness. Photocatalysis occurs when semi-
conductor catalysts are exposed to light and facilitate the 
acceleration of photoreactions [12, 13]. It is believed that 
both photo-oxidation and photo-reduction occur due to 
electron–hole pairs forming on the photocatalyst’s sur-
face during photon absorption. Free radicals result from 
this process and are essential for detoxifying pollutants 
[14, 15]. Metal oxide nanoparticles have been successfully 
used as photocatalysts to remove pollutants from waste-
water but due to their primary activation occurring in the 
ultraviolet (UV) region, which is characterized by a wide 
bandgap, these semiconductors can only absorb a 4% frac-
tion of sunlight [16–18]. As a result of this need, several 
approaches have been explored for highly active photo-
catalytic materials driven by visible light. These methods 
include embedding metal ions within a semiconductor and 
coupling semiconductors with narrow band gaps [19–21]. 
Recent advancements have introduced a range of advanced 
materials, including metal sulphides and their complex 
heterojunctions. Simultaneously, the field has experienced 
the introduction of Metal–Organic Frameworks (MOFs), 
biochar materials and MXene, expanding the diversity 

of innovative materials [22–25]. Notably, cobalt ferrite 
(CoFe2O4) has gained recognition as a highly versatile 
material, proving effective in various applications such as 
photocatalysis, drug delivery, wastewater treatment, can-
cer treatment, and sensor technologies. CoFe2O4 has excel-
lent mechanical hardness and cost-effectiveness, as well as 
exceptional strength and magnetic properties [26–29]. The 
nanoparticles possess a narrow band gap, which makes 
them sensitive to visible light exposure and allows them 
to align with the solar spectrum [30]. The unique proper-
ties of CoFe2O4 have been investigated in several studies 
to reduce hexavalent chromium through photocatalysis. 
Using CoFe2O4/BiOBr/Graphene composites, Li et  al. 
developed a Z-scheme photocatalyst capable of reducing 
hexavalent chromium and degradation of organic dyes in 
visible light [31]. Emadian et al. investigated the potential 
of a magnetically separable CoFe2O4/ZrO2 nanocomposite 
for the photocatalytic reduction of hexavalent chromium 
under visible light irradiation [32]. For the same appli-
cation, Ibrahim et al. studied the magnetically separable 
TiO2/CoFe2O4/Ag nanocomposites under UV and artificial 
solar light [33].

Examining alternative approaches, this study aims to 
address the prevalent challenges of cost and inefficiency 
associated with current methods in treating chromium-
containing effluents. The focus is on the unique synthesis 
method and resulting properties of CoFe2O4 nanoparticles, 
offering a promising solution for efficient reduction of hexa-
valent chromium. The magnetic nature of the photocatalyst 
facilitates easy separation from the solution, addressing a 
key challenge in practical applications. The synthesis pro-
cess involves a straightforward single-step grinding proce-
dure, transforming non-magnetic Fe2O3 nanoparticles into 
highly magnetic ones by incorporating cobalt. The resulting 
CoFe2O4 nanoparticles are then assessed for their ability to 
reduce concentrated Cr(IV).

Experimental

Materials

All materials and solvents were obtained from commer-
cial sources: Sisco Research Laboratories Pvt. Ltd, India, 
Sigma Aldrich, and Abhishek Enterprise Pvt. Ltd. Materi-
als were used without any modification. In particular, the 
chemicals used included Iron (III) nitrate nonahydrate, 
(Fe(NO3)3.9H2O) (extra pure, 99.9%), ammonium bicarbo-
nate, NH4HCO3 (extra pure AR, 99.9%), cobalt(II) nitrate 
hexahydrate, Co(NO3)2xH2O (ACS reagent, 98%), and 
potassium dichromate (ACS reagent, 99.0%). All measure-
ments were performed with milli-Q water and spectroscopic-
grade solvents.
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Characterization instruments

To record optical absorbance spectra, a JASCO-670 UV/
VIS/NIR spectrometer (made in Japan). was used. For 
FT-IR spectra, a JASCO FT-4700 spectrometer (made 
in Japan) was used. Images of transmission electrons 
were captured with the Talos F200i S/TEM electron 
microscope (HRTEM-200 kV). As part of the quantita-
tive elemental analysis and elemental mapping process, 
this device was equipped with an EDAX Bruker X Flash 
6 30 EDS detector. The Raman spectra were recorded 
by a RENISHAW InVia Raman Microscope. The X-ray 
diffraction pattern of the samples was measured using a 
Cu–K light source X-ray diffractometer (GNR APD 2000 
PRO). At room temperature, the VSM Lake Shore Model-
7410 Series was used to study magnetic properties. In 
order to assess the effectiveness of photocatalytic chro-
mium removal, both inductively coupled plasma optical 
emission spectroscopy (ICP-OES) using the Perkin Elmer 
Optima 5300 DV ICP-OES and a UV–Vis spectrometer 
were used. Utilizing a Micromeritics ASAP2020, N2 
adsorption on the solid was measured, and this data was 
employed to determine the (BET) specific surface area.

Synthesis of CoFe2O4 nanoparticles

Fe2O3 nanoparticles were synthesized by mechanically 
grinding 0.6 g ammonium bicarbonate with 1 g iron nitrate 
nonahydrate using a mortar and pestle. This was done in 
accordance with Eq. 1. The FeOOH residue obtained was 
washed successively with ethanol and distilled water and 
dried at 100 °C before being calcined at 300 °C for two 
hours [34]. Similarly, the preparation of magnetic CoFe2O4 
nanoparticles was achieved by grinding simultaneously 1 g 
iron nitrate nonahydrate, 1.08 g ammonium bicarbonate, 
and 0.72 g of cobalt (II) nitrate hexahydrate simultaneously 
(Eq. 2), followed by washing and calcination at 300 °C.

Results and discussion

UV–vis diffuse reflectance spectroscopy (DRS) was 
employed to analyse the light absorption properties of 
the synthesized photocatalyst, as depicted in Fig. 1a. Dis-
playing enhanced absorption characteristics, the CoFe2O4 

(1)Fe
(

NO3

)

3
⋅ 9H2O + 3NH5CO3 → 3NH4NO3 + FeOOH + 10H2O + 3CO2

(2)
4Co

(

NO3
)

2 ⋅ 6H2O + 4Fe
(

NO3
)

3 ⋅ 9H2O + 22NH5CO3

→ 21NH4NO3 + 4CoFeOOH + 22CO2 + 71H2O

nanocomposite shows maximum absorbance at approxi-
mately 500 nm in the visible region. This contrasts with 
the pristine Fe2O3 nanoparticles, highlighting the nanocom-
posite's exceptional efficiency in capturing visible light. 
Efficiently converting solar energy into chemical energy is 
facilitated by the heightened light absorption capacity of 
CoFe2O4 nanocomposites. To determine the optical band 
gap of the samples, Tauc's equation is used. Extrapolation 
lines for Fe2O3 and CoFe2O4 samples are shown in Fig. 1b. 
In CoFe2O4 nanoparticles, cobalt significantly decreased 
the band gap. As a result of cobalt incorporation into mag-
netic CoFe2O4 nanoparticles, Fe2O3 bandgaps were reduced 
from 1.5 eV to 1.32 eV. This provides strong evidence that 
CoFe2O4 nanoparticles have been successfully formed. In 
line with previous research, this combination leads to nano-
composites with enhanced photon absorption capacity in 
visible light [15].

X-ray diffraction (XRD) was used to analyse the crys-
tal structure, phase, and purity of the synthesized material. 
Figure 1c illustrates the X-ray diffraction pattern, which 
exhibits distinct peaks. There are perfectly aligned peaks 
at (012), (104), (110), (113), (124), (116), (214), (300), and 
(208) which indicate that the material is composed of a pure 
hematite α-Fe2O3) structure. Alternatively, the XRD pattern 
also exhibits peaks at (220), (311), (400), (422), (511), and 
(440) corresponding to spinel-like CoFe2O4 nanoparticles 
(JCPDF 22–1086).

Raman spectroscopy is an effective method for under-
standing nanoparticle atomic structure. Figure 1d displays 
an analysis of the Raman spectrum obtained from synthe-
sized composites. Raman peaks were observed at 221 cm−1, 
287 cm−1, 405, 493 cm−1, 608 cm−1, and 610 cm−1. These 
peaks can be attributed to hematite α-Fe2O3 reported in a 
previous study [34]. Additionally, a Raman peak at 665 cm−1 
indicates ferric oxide traces. These Raman peaks are simi-
lar to those reported by another researcher [35]. However, 
the Raman spectrum of the CoFe2O4 sample indicates a 
cubic spinel structure composed of cobalt ferrite. Approxi-

mately 318 cm−1, 470 cm−1, 599 cm−1 and 692 cm−1 of the 
spectrum correspond to active Raman vibrational modes 
(A1g + Eg + 3T2g), respectively [36]. In addition, the Raman 
spectra recorded for the cobalt ferrite compound indicate 
that it is free of impurities such as α-Fe2O3.

To measure the synthetic specimens using FTIR spectros-
copy, a range of 1200 to 400 spectral ranges were employed. 
Figure 2a illustrates the FTIR spectra of synthesized Fe2O3 
and CoFe2O3. A distinct peak at 426 cm−1 can be attributed 
to the stretching vibrations of Co–O bonds in the CoFe2O4 
sample. The broad peak in the spectrum in each sample 
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Fig. 1   a UV–vis spectra, b 
direct bandgap, c XRD pattern 
and d Raman spectra of Fe2O3 
and CoFe2O4 nanoparticles

Fig. 2   a Fourier transform 
infrared analysis (FT-IR) spec-
tra of of Fe2O3 and CoFe2O4 
nanoparticles, b Hysteresis loop 
of CoFe2O4 nanoparticles, c N2 
adsorption–desorption curve 
for BET analysis and the BJH 
pore distribution curve (inset), d 
BET plot of N2 adsorption
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ranges from 1000 to 510 cm−1 with a maximum of 680 cm−1 
[32]. It indicates stretching vibrations of Fe–O bonds. It is 
clear from the spectral features observed that the synthesized 
materials are bonded and that they contain Co–O and Fe–O 
bonds.

The field-dependent behavior (M-H curve) of CoFe2O4 
was studied using a vibrating sample magnetometer (VSM). 
As shown in Fig. 2b and Table 1, the synthesized samples 
were characterized by their coercivity, saturation, rema-
nence, and squareness ratios. Interestingly, the cobalt-doped 
nanocomposite, CoFe2O4, exhibits a saturation point of 
101.11 emu/g, exceeding the value reported by Emadian in 
a previous study of 49.17 emu/g [32]. Furthermore, CoFe2O4 
has a widening hysteresis loop, which suggests that this 
material is a hard magnetic material [37].

The N2 adsorption–desorption curve, presented in 
Fig. 2c, reveals a hysteresis curve indicative of a type IV 
Brunauer–Emmett–Teller (BET) adsorption isotherm. This 
BET isotherm pattern signifies an initial monolayer adsorp-
tion, succeeded by multilayer adsorption. Following the 
creation of the initial monolayer, the adsorption gradually 

increases, indicating the formation of multilayers of dye 
molecules. Such behaviour is typical in porous materials 
with diverse pore diameters. The accompanying hysteresis 
loop further underscores the mesoporous structure of the 
nanocomposite [38]. The CoFe2O4 nanocomposite’s specific 
surface area was calculated to be 75 m2/g, while its pore 
volume and diameter were found to be 0.05548 cm3/g. The 
determined pore diameter of 12 nm, as analysed by Barrett-
Joyner-Halenda (BJH), indicates the presence of mesopores 
on the catalyst’s surface, as illustrated in the inset of Fig. 2c. 
This is consistent with the typical range of mesopores, which 
falls between 2 and 50 nm [39]. The correlation coefficient 
of 0.99 for the BET isotherm highlights the model’s robust-
ness and accuracy in describing the observed adsorption 
behaviour. This strong correlation indicates a positive rela-
tionship between the experimental data and the theoretical 
predictions, confirming the BET model’s suitability for 
explaining the adsorption process under the investigated 
conditions (Fig. 2d).

The chemical composition and oxidation state of CoFe2O4 
were determined using XPS analysis. Figure 3 illustrates 
high-resolution spectral data for Fe2p, Co2p, O1s, and C1s.

Fe2p spectra show two peaks: Fe2p1/2 at 712.95 eV and 
Fe2p3/2 at 726.40 eV, indicating Fe2+. An additional peak 
at 721 eV indicates Fe3+ chemical structure [37, 40]. The 
Co spectrum clearly displayed emerging peaks at 780 and 
795 eV, corresponding to Co2p3/2 and Co2p1/2, respectively, 
thus verifying the presence of Co3+. The presence of two 
satellite peaks indicates that the cobalt is also present in 

Table 1   Coercivity, saturation, remanence and the squareness of 
CoFe2O4 nanoparticles

Coercivity (G) Saturation magnetization 
(Ms) (emu/g)

Remanence magnetization 
(Mr) (emu/g)

517.48 101.11 22.08

Fig. 3   XPS spectra of CoFe2O4 nanoparticles
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a 2+ oxidized state [41]. Furthermore, the O1s spectrum 
showed three distinct peaks: one at 530 eV resulting from 
C=O, another at 533 eV resulting from C–O, and a third 
peak at 535 eV due to physically adsorbed O2/H2O [42]. It 
can be seen that the C1s spectrum in the composite exhibits 
a distinct peak at 289 eV, which is consistent with the C 
binding energy seen in hydrocarbons. This peak is likely 
to be the result of surface contamination from air exposure 
[43].

As shown in Fig. 4a, c, high-resolution transmission 
electron microscopy was used to examine the surface mor-
phology and size of the nanoparticles. Cobalt and iron 
nanoparticles are bonded together in a spherical shape, 
with an average size of 150 nm. CoFe2O4 nanoparticles 
are also shown to be composed of several crystallographic 
phases as shown in Fig. 4b, indicating that these nano-
particles are composed of various crystal structures or 
polymorphs. Several factors have contributed to this phase 
variation, including synthesis conditions, postprocessing 
methods, and impurities in the sample [44]. As shown 
by Yuan et al., the presence of multiple crystallographic 
phases indicates that a nanoparticle has a high crystallinity 
level and is well-formed. The presence of several crystal-
lographic phases can also significantly influence nanopar-
ticle properties, such as electronic, optical, and catalytic 
properties. As a result, these nanoparticles have significant 
potential for numerous applications [45].

The mapping images in Fig. 5a–d as well as the EDS 
analysis illustrated in Fig. 5e confirmed the purity of the 
hybrid CoFe2O4 nanoparticles. The sample contained both 
Fe and Co elements, indicating high purity. CoFe2O4 nano-
particles contained 58.58% Fe, 13.88% Co, and 27.54% O.

Photocatalytic activity measurements

As reported in a previous work, the photocatalytic per-
formance of the nanoparticles was investigated to remove 
potassium dichromate (K2Cr2O7) in a photocatalytic reac-
tor with visible light irradiation (High-pressure mercury 
lamp, 125 W) at room temperature. The photocatalytic 
reaction was carried out in 500 ml closed flasks contain-
ing 200 ml of a chromium solution. Before irradiation, the 
suspension was magnetically stirred for 30 min in the dark 
to achieve an adsorption–desorption equilibrium. The 
reaction was monitored by taking 1 mL aliquots from the 
flask at regular intervals and measuring the absorbance 
[37]. As time progressed, the absorbance peak was pro-
gressively reduced. A photocatalyst’s removal efficiency 
is expressed in Eqs. 3 and 4.

where Ci, Ct, and Ce represent the concentrations of the 
dye solution at the beginning, at time t, and at equilibrium, 
respectively, measured in milligrams per liter (mg/L), Qe 
(mg/g) signifies the maximum adsorption capacity of the 
nanocomposite, V and m the volume and the mass of the 
Cr(IV) and the catalyst respectively [46].

Effect of pH

A significant factor influencing pollutant removal is the solu-
tion pH. Cr(VI) photoreduction efficiency was evaluated at 

(3)Removal =
( Ci − Ct )

Ci
= ×100%

(4)Qe =
( Ci − Ce )

m
× V

Fig. 4   a, c TEM images 
(insert particles size), b SAED 
image of CoFe2O4 nanoparticles
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different pH levels (3, 5, 7, 9, and 12) using a photocata-
lyst dose of 50 mg and a Cr(VI) concentration of 40 ppm 
(Fig. 6a). As the pH of the solution decreased, the reduction 
in Cr(VI) increased. At pH 3, the highest removal efficiency 
was observed. Specifically, CoFe2O4 had 72% photoreduc-
tion efficiency at pH 3, while Fe2O3 was 68%. These results 
indicate that Cr(VI) photoreduction occurs better under 
acidic conditions. This hypothesis was also confirmed by 
Emadian's study, as the zeta potential analysis demonstrated 
that at pH > 6, the surface of the CoFe2O4 nanoparticles 

become positively charged due to the presence of H+ ions. 
It is therefore believed that more Cr(VI) is reduced to Cr(III) 
at pH > 6 than at pH < 6 [31, 32]. In the presence of acidic 
conditions, chromium reduction is more efficient due to 
increased surface protonation and electrostatic interactions 
between the charged photocatalyst surface and the Cr(VI) 
present [49–51].

Fig. 5   a–d Mapping images and e EDX spectrum of CoFe2O4 nanoparticles

Fig. 6   Effect of a pH, b 
concentration of chromium, c 
catalyst dosage and d pH study 
at different pH using CoFe2O4 
and Fe2O3 nanoparticles for the 
adsorption of Cr(IV)
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Effect of chromium concentration

The study included tests with different concentrations of 
heavy metals (10, 20, 30, 40, and 70 ppm) to examine their 
effect on photocatalytic removal for 90 min. All experi-
ments were conducted with a constant catalyst mass of 
50 mg at pH 3. As the concentration of heavy metal solu-
tion increased (Fig. 6b), the rate of photocatalytic removal 
decreased. Accordingly, this phenomenon may be attributed 
to the increased adsorption of heavy metal molecules on 
the surface of the composites, which attenuates the parti-
cle activity. This reduced the efficiency of the photocatalyst 
removal response. Furthermore, increasing the initial heavy 
metals concentration led to an increased likelihood of free 
radical interactions with heavy metals atoms. However, a 
higher heavy metal concentration also resulted in significant 
radiation absorption by the heavy metal molecules. This led 
to a decrease in the penetration of irradiation into the semi-
conductor. As a result, free radical concentrations decreased, 
resulting in a reduction in photocatalytic removal efficiency 
[47, 48]. In this study, the highest percentage of removal was 
observed at 30 ppm.

Effect of catalyst dosage

The impact of composite dosage on the removal of heavy 
metals under visible light conditions was investigated, as 
illustrated in Fig. 6c. The photoreduction process was accel-
erated when the number of particles increased. A dosage of 
50 mg of nanomaterials and 30 ppm heavy metals yielded 
the highest elimination rate in 90 min time at pH 3. In con-
trast, when the dosage of the catalyst is greater than 50 mg, 
the removal rate begins to decrease, which emphasizes the 
critical role that catalyst dosage plays in the photocatalytic 
removal of heavy metals. The reduction in removal rate with 
higher catalyst dosage can be attributed to the increased 
opacity of the suspension caused by an abundance of nano-
particles. In turn, this high degree of opacity hinders light 
penetration and the effective interaction between photons 
and heavy metal contaminants. In addition, exceeding the 
ideal concentration of photocatalysts can cause nanoparti-
cles to coagulate and reduce their surface area. As a result, 
fewer photons are retained, resulting in slower removal of 
the photocatalyst [47, 49–51].

Adsorption test at different pH

Under dark conditions, the chromium adsorption capacity 
of the catalysts shown in Fig. 6d was evaluated at different 
pH levels (3, 6, 7, 9 and 12). As the pH increased to 12, the 
dark adsorption of chromium on the surface decreased to 
approximately 2%. The higher concentration of H+ ions in an 
acidic environment is attributed to the higher adsorption rate 

in an acidic environment during the photocatalytic reduction 
process, which accelerates the photoreaction, as indicated 
by Eqs. (5) and (6). According to Eq. (6), a basic medium 
has a low concentration of H+ ions, which slows down the 
reaction. In addition, the formation of Cr(OH)3 can contrib-
ute to reduction efficiency by precipitating on the surface 
of the photocatalyst, thereby covering the active sites and 
preventing light penetration, as described in Eq. (7). Based 
on our study, pH = 3 was found to be the most effective pH 
for Cr(VI) photoreduction [32].

Effect of time

The removal efficiency of hexavalent chromium by CoFe2O4 
nanoparticles was found to be notably higher than that of 
Fe2O3 nanoparticles, based on UV absorbance readings 
tracked over time. Specifically, after 70  min, CoFe2O4 
nanoparticles achieved an 90% removal efficiency, whereas 
Fe2O3 nanoparticles showed a lower efficiency of 76.65% 
(Fig. 7a–c). Notably, CoFe2O4 nanoparticles exhibited high 
catalytic activity under visible light. When observing Cr(IV) 
adsorption over time for a constant adsorbent quantity of 
50 mg, both CoFe2O4 and Fe2O3 nanoparticles demonstrated 
similar chromium removal, as depicted in Fig. 7d.

Adsorption thermodynamics

Thermodynamic factors crucial for assessing spontaneity in 
sorption techniques include Gibbs free energy (G°), enthalpy 
(H°), and entropy (ΔS°). The mathematical expressions for 
G° and the change in Gibbs free energy (ΔG°) are outlined 
in Eqs. 8 and 9, respectively. Subsequently, Vant Hoff's equa-
tion is derived from these equations, as given in Eq. 10, with 
Kad provided in Eq. 11 [38, 52].

(5)14H+ + Cr2O
2−
7

+ 6e− → 2Cr3+ + 7H2O

(6)7H+ + HCrO−

4
+ 3e− → Cr3+ + 4H2O

(7)CrO2−
4

+ 4H2O → Cr(OH)3 + 5OH−

(8)G0 = −RT ln Kad

(9)ΔG0 = ΔH0 − TΔS0

(10)ln Kad = −
ΔH0

RT
+

ΔS0

R

(11)Kad = −
Cad

Ce
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where enthalpy (ΔH°) and entropy (ΔS°), represented by R, 
T, and Kad as the gas constants, reaction temperature, and 
adsorption equilibrium constant. Furthermore, Ce (mg/L) 
and Cad (mg L−1) is the equilibrium solute concentration, 
and the concentration of the adsorbed solute.

Figure 8a illustrates the relationship between ln Kad and 
1/T, providing the thermodynamic parameters for adsorp-
tion. The slope and intercept of this plot, as shown in 
Table 2, determine ΔH° and ΔS°, respectively. In the pho-
tocatalytic experiment, a composite of 50 mg was mixed 
with a 30 ppm chromium concentration, and the experiment 
ran for 70 min with temperatures varying from 298 to 333 K. 
The positive ΔH° value observed indicates endothermic 
adsorption, while the negative ΔS° implies a reduction in the 

degree of freedom of the adsorbed substance. The increasing 
G° with temperature suggests that adsorption becomes more 
favourable at higher temperatures. These findings align with 
similar results obtained by AL-Othman et al. [53].

The rise in temperature is associated with an increase 
in adsorption, as depicted in Fig. 8b, leading to a higher 
amount of Cr(IV) adsorption. This heightened adsorp-
tion can be attributed to an increased affinity or attraction 
between the adsorbent material and the molecules being 
absorbed. As per Balarabe et al., the solubility and mobil-
ity of Cr(IV) molecules experience an increase with rising 
temperatures, facilitating more effective interaction with the 
active sites on the adsorbents’ surfaces. Simultaneously, the 
increase in temperature results in a decrease in dissolved 

Fig. 7   a, b Chromium removal 
efficiency under visible light, c 
photocatalytic removal curves 
(Ct/C0 vs. time) and d influence 
on qt with increasing time of 
Fe2O3 and CoFe2O4 nanopar-
ticles
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oxygen in the solution, preventing the nanoparticles from 
undergoing oxidation [34].

Adsorption isotherm

Widely utilized for data fitting, adsorption isotherm models 
are employed to examine the correlation between adsorbed 
quantity (Qe) and equilibrium aqueous concentration (Ce). 
Among these models, the Langmuir and Freundlich equa-
tions are the most commonly used (Eqs. 12, 13). The Lang-
muir model suggests that adsorbate molecules are taken 
up on a homogeneous surface through monolayer adsorp-
tion without interactions between the adsorbed molecules. 
In contrast, the Freundlich model is suitable for non-ideal 
adsorption on heterogeneous surfaces, where heterogeneity 
arises from the presence of different functional groups on 
the surface and various interactions between the adsorbent 
and adsorbate [54]. In this study, isotherm evaluations were 
carried out by employing variable initial concentrations of 
Cr(IV) ranging from 10 to 100 mg L−1 at a temperature of 
318 K, utilizing 50 mg of the synthesized nanocomposite. 
Experimental data were used to fit the isotherm models of 
Langmuir and Freundlich. Linear adjustments of these mod-
els are depicted in Fig. 9a&b, with corresponding parameter 
values detailed in Table 3.

(12)Langmuir isotherm model ∶
Ce

Qe
=

1

QmaxK
+

Ce

Qmax

where Ce represents the equilibrium concentration of the 
solute in the liquid phase (mg/L). Qe is the amount of solute 
adsorbed per unit weight of adsorbent at equilibrium (mg/g). 
Qmax is the maximum adsorption capacity (mg/g). K is the 
Langmuir adsorption equilibrium constant (L/mg). Kf is the 
Freundlich adsorption equilibrium constant (mg^(1–1/n) 
L^(1/n)/g). n is the Freundlich exponent, which is an empiri-
cal parameter characterizing the adsorption intensity.

As per Table 3, the Langmuir model exhibited a determi-
nation coefficient (R2) of 0.95. The separation factor (RL), 
used to assess the favourability of an adsorption process 
(0 < RL < 1 for favourable, RL > 1 for unfavourable, RL = 0 
for irreversible), yielded values ranging from 0.055. This 
suggests that the adsorption process is favourable within the 
studied concentration range [55]. The same Table 3 reveals 
that the Freundlich model yielded an R2 of 0.98. The hetero-
geneity factor, represented by the parameter n, is utilized to 
assess the nature of the adsorption process—physical (n > 1), 
chemical (n < 1), or linear (n = 1). With an n value of 0.69, it 
indicates that the chemical process is favourable [56].

Adsorption kinetics

Efficient adsorption relies on a rapid reaction rate, a brief 
contact time, and a substantial adsorption capacity. The 
kinetics of Cr(IV) adsorption by the CoFe2O4 nanocompos-
ite, depicted in Fig. 9c&d, were examined using pseudo-
first order (PFO) and pseudo-second order (PSO) kinetic 
equations, specifically Eqs. 14&15 [53]. The investigation 
revealed that the adsorption adhered to PSO kinetics, with 
a rate constant of 0.01 g mg−1 min−1, as evidenced by the 
highest correlation coefficient (R2) of 0.99.

(13)
Freundlich isotherm model ∶ log Qe = log Kf +

1

n
log Ce

(14)

PFO kinetic model ∶ ln(Qe − Qt) = ln Qe −
k1t

2.303
Qe

Fig. 8   a Vant Hoff’s plot for 
the removal of Cr(IV), b effect 
of temperature variation on the 
adsorption of Cr(IV)

Table 2   Thermodynamic parameters at different temperatures

Tempera-
ture (K)

ΔG0 (kJ mol−1) ΔH0 (kJ mol−1) ΔS0 (J K−1 mol−1)

298 144.52
308 149.25 3.4648  − 473.355
318 153.99
333 161.09
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where Qe and Qt represent the quantities of Cr(VI) at equi-
librium and time t, respectively, measured in mg/g. The 
pseudo-first-order and pseudo-second-order adsorption rate 
constants are denoted as k1 (min−1) and k2 (g mg−1 min−1), 
respectively.

Catalyst reusability

The efficiency of photocatalytic removal of chromium 
by CoFe2O4 nanoparticles and their reusability were 

(15)PSO kinetic model ∶
t

Qt
=

t

k2Qe
2
+

t

Qe

confirmed through a four-cycle study, each lasting 90 min. 
The removal percentage of potassium dichromate solution 
was analyzed using ICP-OES after each cycle. Remark-
ably, approximately 99% removal was achieved for Cr 119, 
Cr 126, and K 44, with a 10% removal for K 83 after 
90 min (Fig. 10a). The ICP results confirm the effective 
removal of chromium from the solution throughout the 
treatment process, and the nanoparticles displayed recy-
clability over four treatment cycles without significant 
alterations. The successful removal of chromium show-
cased the efficient magnetic collection of CoFe2O4 nano-
particles, evident from their inherent magnetic properties 
as depicted in Fig. 10b (2–4). Within just five minutes 
of immersing a bar magnet into the treated solution, the 
CoFe2O4 nanoparticles were promptly gathered. Contrast-
ingly, Fig. 10b (5) emphasizes the nonmagnetic nature 
of Fe2O3 nanoparticles, rendering them resistant to col-
lection using a bar magnet due to their lack of magnetic 
responsiveness. Building on this, the magnetic properties 
of spinel CoFe2O4, in conjunction with its high surface 
area, make it an ideal nanocatalyst for efficient contami-
nant removal. The oxidation–reduction activity of Co and 
Fe ions in this magnetic nanoparticle enables the break-
down of contaminants through their oxidation–reduction 

Fig. 9   Adsorption isotherm 
models: a Langmuir and b Fre-
undlich, kinetic models: c PFO 
and d PSO

Table 3   Adsorption isotherm 
parameters

Isotherm model Parameters

Langmuir Qmax = 106.27
K = 0.0823
RL = 0.055
R2 = 0.95

Freundlich Kf = 1.8634
n = 0.69
R2 = 0.98
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reactions. The specific arrangement of ions in the crystal 
lattice provides catalytic sites, facilitating processes such 
as organic pollutant removal. Additionally, depending on 
the conditions, spinel CoFe2O4 may exhibit photocatalytic 
properties, further enhancing its ability to remove contam-
inants. This dual functionality positions spinel CoFe2O4 as 
a versatile and effective material for environmental reme-
diation applications [26–29, 57].

The X-ray diffraction analysis conducted on the nano-
materials following four cycles of treatment closely resem-
bles the characteristics of the fresh sample, as illustrated in 
Fig. 10c. Moreover, the photocatalytic reduction of Cr(IV), 
as indicated in Table 4, showcases a remarkably efficient and 
noteworthy removal response when compared to analogous 
studies utilizing diverse nanocomposites.

Conclusion

In conclusion, this comprehensive study underscores the 
successful single-step and facile synthesis of CoFe2O4 
magnetic nanoparticles, showcasing their outstanding pho-
tocatalytic chromium removal capabilities under visible 
light. Spectroscopic and microscopic analyses reveal these 
nanoparticles’ uniform distribution, emphasizing their prac-
tical applicability. The exceptional efficiency of CoFe2O4 
nanoparticles in chromium effluent removal underscores the 
crucial role of magnetic properties in nanoparticle separation 
techniques, facilitating their practical collection post-reme-
diation. Furthermore, the comparison with non-magnetic 
Fe2O3 nanoparticles emphasizes the importance of tailor-
ing separation methods to nanoparticle characteristics. By 
effectively addressing the challenge of isolating different 
types of nanoparticles, this study contributes to advancing 
environmentally friendly technologies and practices. The 
optimized chromium removal capacity and the enhanced 
understanding of temperature effects on chromium adsorp-
tion further strengthen the potential applications of CoFe2O4 
nanocomposites in water treatment processes.

Fig. 10   a Reussibility of CoFe2O4 nanoparticles for 4 cycles, b 
1-Photocatalytic reactor containing a mixture of dichromate potas-
sium solution and nanoparticles, 2–4-magnetic separation of treated 
solution and magnetic nanoparticles of CoFe2O4, 5-nonmagnetic 
Fe2O3 nanoparticles settle in to the treated sample and c XRD analy-
sis after 4 cycles of treatment for CoFe2O4 nanoparticles

Table 4   Comparative analysis of nanomaterials for photoreduction of Cr(VI) in contrast to the present study

Photocatalyst Initial Cr(VI) concen-
tration (ppm)

Photocatalyst dos-
age (ppm)

Time (min) Removal effi-
ciency (%)

Light source References

Ni@carbon450 100 500 30 100 – [58]
ZnIn2S4/CdS 50 1000 30 100 Visible [59]
TiO2-WO3 100 1000 120 90 Sun-like illumination [60]
Cd0.2Mn0.8Fe2O4 15 700 30 96 UV [61]
CC@SnS2/SnO2 20 – 60 98.67 Visible [62]
Ag/HAp/In2S3 10 200 70 74.45 Visible [63]
CoFe2O4 30 150 70 95 Visible This work
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