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Abstract
Nano spinel of cobalt ferrite  CoFe2O4 (NCF) has been synthesized by Sol–gel auto-combustion method and used as an 
adsorbent to remove Acid Green AG25 dye from aqueous solution. The NCF was investigated by XRD, Rietveld refinement, 
SEM coupled with EDX, VSM, FTIR and pH of the zero-point charge  pHzpc. The efficiency of the treatment was evalu-
ated according to the characteristic parameters influencing the adsorption process: adsorbent dose, contact time, initial dye 
concentration, initial solution pH and temperature. The adsorption of AG25 followed pseudo-second order kinetic model. 
The equilibrium adsorption data fit to the Langmuir isotherm with a maximum capacity of 8.71 mg  g−1. Thermodynamic 
data revealed that the process was exothermic, spontaneous and a physisorption nature. Through the established adsorption 
process and magnetization measurements, a mechanism was proposed to highlight the idea that the nano spinel of cobalt 
ferrite material has both magnetic and electronic characteristics. NCF is an efficient adsorbent, low cost, easily synthesized 
and environmental friendly for removal AG25 from aqueous solution.
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Highlights

• Adsorption of AG25 dye by nanoferrite  CoFe2O4
• Synthèse by sol–gel auto-combustion
• mechanism study
• Combination between results of adsorption process and the proved magnetic properties
• CoFe2O4 material has both magnetic and electronic characteristics which can be beneficial for water pollution control
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Introduction

Water pollution remains a persistent problem in develop-
ing countries due to ineffective management, a lack of strict 
environmental laws and unsanitary social practices which 
lead to untreated effluents being discharged into water 
(Akhtar et al. 2021). Organic dyes have been largely uti-
lized in several industries, including textiles, leather, plas-
tic, paper, printing, cosmetics, pharmaceutical and many 
others (Lellis et al. 2019). The release of these compounds 
into the environment is undesirable because many dyes and 
their breakdown products are toxic and/or mutagenic to life 
(Singh et al. 2016).

To remove dyes from wastewater, various techniques have 
been developed such as coagulation, membrane filtration, 
advanced oxidation, biological treatment and adsorption 
(Rezai and Allahkarami, 2021; Ledakowicz et al. 2021; Pal 
2017; Carolin et al. 2017; Qin et al. 2020; Benyekhou et al. 
2020; Fast et al. 2017; Lellis et al. 2019).

The effective removal of organic pollutants from waste-
water remains a challenge. In addition, recent studies have 
shown that nanoparticles synthesis using green methods may 
prove to be an attractive alternative (Manju et al. 2019; Ara-
gaw and Bogale 2021; Varghese et al. 2019).

Spinel ferrite magnetic nanoparticles have been regarded 
as a promising adsorbent due to their high stability, high 
surface area and excellent magnetic characteristics at room 
temperature (Saravanathamizhan et al. 2021). The chemical 
and physical properties of these materials make them a field 
of great interest with broad application (Soltys et al. 2021). 
Currently, adsorption is considered to be a suitable technique 
since it has the advantage of using nanoparticles that are less 
low cost environmentally friendly, recyclable and industri-
ally exploitable. Nanoferrites have these qualities and offer 
the advantage of being used as adsorbents for wastewater 
treatment (Pai et al. 2021; Hassan and Aly 2021; Manimozhi 
et al. 2020; Thakur et al. 2016; Akhtar et al. 2018; Gherca 
et al. 2013).

A number of methods have been developed to synthe-
sis nanoferrite including sol–gel method, co-precipitation 
method and hydrothermal method (Kefeni et al. 2017; Naseri 
et al. 2012; Kumar et al. 2019Xiaoli et al. 2015). Among 
the various methods, the auto-combustion synthesis method 
has attracted attention because of its inexpensive precur-
sors, simple manipulations and simple control of solution 
pH value during the chemical process (Moosavi et al. 2020).

Previous publications reported that magnetic separation 
technology, combined with the adsorption process, has been 
widely used for wastewater treatment (Kadirvelu et al. 2003).

The condition required to move from lab-scale application 
to an industrial scale, is the separation of adsorbent materials 
from treated water and avoiding secondary pollution. Non 
recyclability is expensive and may limit its applications on a 
large scale. The remedy for this inconveniency is to combine 
performance of sorption and magnetic separation processes 
for pollutant removal (Baig et al. 2021).

Acid Green 25 (AG25) acid also been known as Acid Green 
Anthraquinone or Alizarin Cyanine Green F has been selected for 
the present study. It was chosen as a model pollutant for its toxic 
and persistent properties (Sajjia et al. 2014; Soufi et al. 2021). 
Acid dyes which comprise the largest class of dye are anionic 
compounds used in the cosmetics, pharmaceutical and textile 
industries. Anthraquinone dyes are the most important after azo 
dyes. Wastewater from the textile industry is often very colourful 
and difficult to biodegrade. This pollution is currently perceived 
as a serious and significant nuisance (Shen et al. 2021; Samoila 
et al. 2015).

The objective of the present work is to explore the adsorp-
tion potential of cobalt ferrite nanoparticles  CoFe2O4 (NCF), 
synthesized by auto-combustion method for the removal of 
AG 25 dye from an aqueous solution.

The microstructure, morphology and magnetic proper-
ties of as-synthesized  CoFe2O4 were studied by infrared 
absorption spectrum (FTIR), X-ray diffraction (XRD), 
scanning electron microscope (SEM) and vibrating sample 
magnetometer (VSM) technique, respectively. Effects of 
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various parameters like contact time, solution pH, adsorbent 
dose were investigated. The experimental data for adsorp-
tion have been analyzed using the Langmuir and Freundlich 
isotherm. A global mechanism of the interaction AG25-NFC 
was proposed.

Materials and Methods

Preparation of  CoFe2O4 Spinel Nanoparticles

The  CoFe2O4 spinel nanoparticles was synthesized by 
sol–gel auto combustion method using analytical grade 
chemicals. Stochiometric amounts of Fe(NO3)3.9H2O, 
Co(NO3)2.5H2O and citric acid  C6H8O7.H2O (Sigma 
Aldrich, > 99%), were weighed as citric acid/metal ion mole 
ratio of 1:1 and dissolved separately in a minimal amount 
of distilled water. The solutions were then mixed and the 
pH adjusted to be betwen 6 and 7 with constant stirring by 
adding a dilute solution of  NH4OH. This resulting solution 
was heated to 70 °C under a constant heating rate and con-
tinuous magnetic stirring to ensure good homogenization 
of the mixture. Around 100 °C, the solution started to boil 
and foam due to dehydration. Nearby 200 °C, the solution 
slowly changed into a viscous gel with further release of 
water molecules and thickening (clotting) of the gel. Sub-
sequently, a reddish brown gas evolved which caused the 
gel to auto-combust with flame propagation producing a 
dry fluffly cobalt nanoferrite material. The black compound 
formed was ground in an agate mortar to a fine powder. It 
was then calcined for 6 h at 900 °C under a constant heating 
rate of 10 °C/min using a muffle furnace (Carbolite 1100) to 
remove any organic material.

Acid Green Dye (AG25)

The AG25 anthraquinone dye used of analytical grade, 
supplied by Acros Organics, greater than 99% purity. Its 
chamical formula is  C28H22N2O8S2Na2 and its molar mass is 
622.574 g  mol−1. The chemical structure of the molecule is 
given in Fig. 1. The stock solution of AG25 (30 mg  L−1) was 
prepared with distilled water and the concentrations used 
were obtained by dilution.

The removal rate R(%) was calculated using the follow-
ing equation:

where Co and Ce (mg  L−1) are the initial and final con-
centrations of AG25 in the supernatant, respectevely. The 
absorbance of the concentrations has been measured at 

(1)R(%) =
C0 − Ce

C0

× 100,

λmax = 643 nm using a UV/Vis spectrophotometer (OPTI-
ZEN 2120).

Characterization of Nano‑Ferrite of Cobalt Material

The characterization was carried out by the following tech-
niques: DRX, SEM, VSM, Fourier Transform Infrared Spec-
troscopy (FTIR) and pH of the zero-point charge (pHzpc).

X‑Ray Diffraction

The X-ray diffraction spectrum of  CoFe2O4 has been 
obtained with a Panalytical X’ Pert Pro diffractometer using 
CuKα radiation (λ1/4 1.5406 Å). The scan’s range was kept 
the same 2θ = 20°–100° using a step size of 0.01° with sam-
ple time of 10 s. The analysis was preformed by HighScore 
 Plus® program (produced by PANalytical B.V. under license 
number 10003977) based on the Rietveld refinement method 
(Young 1996).

SEM

Scanning Electron Microscopie combined with Energy 
Dispersive X-ray (EDX) microanalysis is a technique that 
allows qualitative and quantitative surface analysis of inor-
ganic materials. The morphology and nanostructure of the 
samples were analyzed by scanning electron microscopy an 
ASEM; JEOL JSM6360, coupled with an energy dispersive 
system (EDS, EDAX) for elementary composition analysis.

Fig. 1  Chemical structure of the AG25 dye
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VSM Measurements

The magnetization measurements were carried out with a 
vibration sample magnetometer (VSM) of sensitivity  10–5 
emu (Microsenze EZ9 brandt).

FTIR Spectroscopy

The samples were prepared in the form of KBr pellets with 
1% powder (pressed in a cylindrical disc at 10 tons/cm2 by 
hydraulic press) and fixed on a support in the spectropho-
tometer measurement chamber. IR spectra was recorded 
from 400 to 1000  cm−1 using a Shimadzu Fourier Transform 
Infrared Spectrophotometer IR prestige 21 with a resolution 
of 4  cm−1.

pH of the Point of Zero Charge (pHpzc)

The pHpzc has been determined by the method of Noh and 
Schwarz (1989). Serials of 0.15 g of nanoferrite were intro-
duced into Erlenmeyer flasks containing 50 mL of  10−2 M 
of NaCl. The initial pH of the solution was varied from 2 
to 12 using HCl  (10–1 M) or NaOH  (10–1 M). The suspen-
sions are mechanically stirred and maintained at room tem-
perature. After 48 h of stirring, the final pH is mesasured. 
The latter is plotted as a function of the initial pH. The pH 
which corresponds to the point of intersection with the line 
 pHfinal =  pHinitial is the  pHpzc.

Adsorption

All the adsorption experiments were carried out at natural 
pH of 5.24. The batch experiments consisted to evaluate 
the AG25 dye removal at equilibrium and to calculate the 
effect of pH, adsorbent dose and temperature. The initial 
concentration of 30 mg  L−1 was adopted to follow the evo-
lution of adsorption as a function of the contact time from 
1 to 40 min. These experiments were conducted at 20 °C 
with a mass of NCF and stirred at 400 rpm in 25 mL solu-
tion for a specified time. The NCF-AG25 mixture was cen-
trifuged at 400 rpm for 10 min to separate the adsorbent 
from the aqueous solution. The absorbance of the filtrate 
was measured by UV/Vis spectrophotometry (OPTIZEN 
2120) at 643 nm. The adsorption rate R (%) of the dye was 
calculated by Eq. (1):

The adsorption capacity (q) is given by the following 
equation:

(2)q =
(C0 − Ce)V

m
,

where, q (mg  g−1) is the amount of the dye adsorbed, V (L) is 
the volume of the dye solution and m (g) is the mass of NCF.

Adsorption Parameters

The parameters influencing the adsorption process were 
studied: adsorbent dose, contact time, initial dye concen-
tration, initial solution pH and temperature.

Equilibrium Time

The adsorption equilibrium time has been determined as 
a function of the adsorbent-adsorbate contact time. The 
experiments were carried out in a batch system. The equi-
librium time was calculated by increasing the stirring 
time from 5 to 120 min while mainyaining the pH at 5.24 
(natural pH of the solution). Solutions of 25 ml of AG25 
(30 mg  L−1) were added to 0.5 g of NCF. The mixture was 
stirred at 20 °C with mechanical strirrers (Wisestir HS-
30D) at 400 rpm. After the equilibrium, the suspension 
was separated by centrifugation (Centurion Scientific- Ltd) 
for analysis of the dye concentration at 643 nm.

Adsorbent Dose

The evaluation of the effect of the optimal amount of 
adsorbent was carried out with 25 mL of the AG25 solu-
tion (30 mg  L−1) to which different amounts of adsorbent 
ranging from 0.05 to 0.8 g  L−1 were been added. The 
solutions were stirred for a time exceeding the adsorbate-
adsorbent equilibrium time (100 min).

pH

To evaluate this effect, pH was observed within the pH range 
of 2–10. An optimum mass of 0.5 g of adsorbent was added 
to 25 mL of AG25 (30 mg  L−1) and stirred for 20 min at 
20 °C.

Kinetic and Isotherms Studies

For the kinetic study, an initial concentration of at 30 mg 
 L−1 was adopted to follow the evolution of adsorption as a 
function of contact time. 0.5 g of the adsorbent was added 
to 25 ml of AG25 solution for initial concentrations of 50 to 
500 mg  L−1. The mixture was stirred at a room temperature 
for the adsorbate-adsorbent equilibrium time (100 min) with 
mechanical stirrers at 400 rpm.
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Adsorption Thermodynamic Parameters

0.5 g of the NCF is suspended with 25 mL of AG25 (30 mg 
 L−1) at natural pH (5.24). The Erlenmeyer flask contain-
ing the mixture is placed in a thermostat bath at different 
temperatures. Mechanical stirring ensures good dispersion 
and thermal homogeneity of the solution with mechanical 
stirriers (Wisestir HS-30D) at 400 rpm for 100 min at tem-
peratures of 25, 30 and 40 °C. The solid–liquid separation is 
carried out by centrifugation using a centrifuge (Centurion 
Scientific-Ltd) at 6000 rpm for 10 min. The absorbance was 
determined at λmax = 643 nm.

Results and Discussion

Physical and Magnetic Properties of Material

X‑Ray Diffraction Analysis and Rietveld Refinement

Figure 2 shows the XRD pattern of  CoFe2O4 powder. The 
refinement of the spectrum was indexed to peaks in space 
group Fd3m with planes: (220), (311), (222), (400), (422), 
(511), (440), (620), (533), (444), (553), thus proving the 
formation of single-phase cubic spinel structure. Note that 
all the reflection peaks are consistent with those reported 
earlier for  CoFe2O4 (Joint Committee for Powder Diffrac-
tion Set (JCPDS) Card No. 86-6722). To model the XRD 
pattern peak profile, a pseudo-Voigt function was utilized 
with the oxygen positions (x = y = z = u) taken as free param-
eters. The cobalt and iron cations were in the Wickoff posi-
tions 8b and 16c, the oxygen ions in 32e special positions. 
To assess the Rietveld fittings quality, we used the reliabil-
ity R-factors expected and weighted profile  Rexp and Rwp, 
respectively which must be less than 10%. When the fitting 
parameters reached their minimum value, the goodness-of-
fit GoF = Rwp/Rexp must tend to one and the best fit to the 
experimental data is achieved (Cullity and Stroke 2013; 
Young and Wilse 1982).

Table 1 shows the typical atomic positions (x = y = z) of 
the cations, the oxygen position parameter u, the R-factors 
and the GoF. The experimental and calculated data as well as 
the difference between the two, thus confirming the reason-
ably good fit. The occupancies of the cations in tetrahedral 
(A) and octahedral (B) sites are constrained to preserve the 
stoichiometry of the prepared ferrites during the refinement. 
The resulting site occupancy factors (SOF) will enable to 
determine the stoichiometric coefficients for cations in A 
and B sites which are consistent with the spinel ferrites for-
mula  AB2O4 (Smith and Wijn 1959; Sickafus et al. 1999). 
Fractional atomic positions (x = y = z) at Wyckoff positions, 
site occupancy factors (SOF), fit R-factors expected and 

weighted profile, goodness of fit (GoF) and cations distri-
bution at tetrahedral (A) and octahedral (B) sites of  CoFe2O4 
Furthermore, from Rietveld refinement conventional factors 
calculations, it can be seen that the cation distribution of 
 CoFe2O4 and oxygen position revealed that the chemical 
structure is  (Co0.36  Fe0.64)  [Co0.64  Fe1.36]O4, with u = 0.442. 
Consequently, Co ions are both in tetrahedral and octahedral 
sites, which reveal  CoFe2O4 is in partially inversed spinel 
structure comparable to nano-crystallite Mg-ferrite pre-
pared using the sol–gel technique (Raghasudha et al. 2015) 
and normal crystallite Mg-ferrite prepared by the standard 
ceramic technique (Sabri et al. 2016).

The crystallite size LXRD, of each sample was evaluated 
from the reflected diffraction peaks of the Rietveld refined 
profile using Scherrer’s equation (Cullity 1978) as follwos:

where the constant k = 0.89, λ is the wavelength of the X-ray 
radiation (= 1.5406 Å), θ is the diffraction angle of the most 
intense peak (311) and β is its full width at half maximum 
in radian. The crystallite size LXRD value was found to be 
27.3 nm.

SEM Analysis

The SEM images presented in Fig.  3a at magnifica-
tions × 12,000 and × 1800 show that the cobalt nano-ferrite 
obtained by annealing at 900 °C is porous and consists of 
small particles, almost homogeneous in shape and size. The 
morphology is compact with pores and voids at the grains 
boundaries forming a medium of large agglomerates. The 
mean grain size, obtained through the analysis of the SEM 
micrographs (Fig. 3b), indicates that the grain size distribu-
tion histograms is about ~ 2.5 μm. The EDX spectrum shown 
in Fig. 4 confirms the qualitative and quantitative analysis 
corresponding to the synthetised composition of  CoFe2O4.

Vibrating Sample Magnetometry (VSM)

The magnetizations versus magnetic field at room tempera-
ture of nano-sized ferrite powder sample are shown in Fig. 5. 
The magnetic parameters extracted from the Hysteresis loop, 
i.e. saturation magnetization (MS), coercitive field (HC), 
remanence (MR) and squareness ratio R = MR/MS are listed 
in the inset table. It is well known that the magnetic proper-
ties of nanosized crystallite of ferrites depend primarelly on 
the preparation method and the parameters of the technique 
(Hossain et al. 2018; Murugesan et al. 2014). For example, 
it has been reported that 16 nm nanosized cobalt ferrite pre-
pared by co-precipitation gives a squareness ratio R of 27%, 

(3)LXRD =
k�

�.cos�
,
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whereas 13 nm cobalt nano-ferrite prepared by polymeric 
precursor method (Mathew and Juang 2007) gives the value 
of 50%. Furthermore, some reports prove that crystallites 
of cobalt nano-ferrites having an R less than 50% interact 
magnetostatically whereas for those having an R ≥ 50%, the 
crystallite moments are randomly oriented and can undergo 
coherent ratios. Hence, in this work, the value of R = 41% 
may be attributed to magnetostatic interactions between 
crystallite grains. Moreover, it is reported that coercitiv-
ity depends entirely on the packing of the crystallite grains 
(Cullity and Graham 2009) and a comparative study between 
bulk Co-ferrite prepared by high temperature ceramic 
method and nano-crystalline Co-ferrite by low temperature 
auto-combustion (Murugesan et al. 2014) has shown that 
coercitivity is much higher for nano-ferrite by four factors. 
The obtaied value of Hc (299 Oe) may be related to the tech-
nique as well as the annealing temperature (900 °C) which 
have direct effect on domain structure, monocrystal size and 
anisotropy of the crystal (Qu et al. 2006).

CoFe2O4 – AG25 Interaction: FTIR 
Spectroscopy

The interaction between the nano-ferrite of cobalt and the 
AG25 dye was investigated by FTIR spectroscopy. Figure 6 
shows the FTIR spectra of AG25,  CoFe2O4 and  CoFe2O4 
–  AG25.

In this study infrared spectroscopy confirms the spi-
nel structure of the cobalt nanoferrite. Measurements 
in the 400–4000  cm−1 range show clearly the presence 
of two strong absorption bands ν1 at 437  cm−1 and ν2 at 
556  cm−1 (Fig. 6a). The two normal modes of vibration 
are active in the range 400–700   cm−1. The ν1 absorp-
tion band is assigned to the stretching vibration mode of 
the metal–oxygen in octahedral B-sites and the ν2 band 
is attribued to tetrahedral A-sites. The higher frequency 
of A-sites with respect to B-sites could be interpreted 
as due to shorter length of A-sites metal–oxygen bonds 
than B-sites length. NCF is exhibiting an inverse spinel 
where  Co2+ ions and  Fe3+ ions present at the octahedral 
and tetrahedral lattice sites respectively (Mostafa and Mai 
2016). Moreover, reasonably good agreement of these fre-
quency bands with Prabagar et al. [2021) who observed 
ν1 at 462  cm−1 and ν2 at 579  cm−1 for Cobalt nano- ferrite 
prepared using the sol–gel auto-combustion method and 
annealing at 600 °C, their crystallites size was found equal 
to 13.5 nm.

Fig. 2  Rietveld refined XRD 
patterns of  CoFe2O4 at 900 °C
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Table 1  Atomic positions and Wyckoff positions site of  CoFe2O4

Atom Wyck S.O.F x y z

O1 32e 1.000 0.249 0.249 0.249
Fe1 16c 0.680 0.000 0.000 0.000
Co1 16c 0.320 0.000 0.000 0.000
Fe2 8b 0.640 0.375 0.375 0.375
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Fig. 3  SEM micrographs of: 
a  CoFe2O4; and b  CoFe2O4 
annealed at 900 °C
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Fig. 4  EDX spectrum of  CoFe2O4

  MS         HC          MR            R

 47.7         299          19.5       41%

Fig. 5  Room temperature magnetization M versus magnetic field H of 
 CoFe2O4
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After interaction of AG25 by NCF (Fig. 6b), changes in 
the frequencies and intensities of the absorption bands could 
be observed for several functional groups. This observation 
may indicate the existence of an appropriate mechanism 
for the NCF-AG25 interation by means of an adsorption 
process through chemical bonding or Van der Waals forces 
(Mahmoodi et al. 2019). The study of the FTIR spectra 
allows to propose a mechanism based on the static elec-
trostatic interaction as follws: the -SO3

2− ionic group can 
easily form attractive forces between AG25 and the positive 
surface charge of NCF. This type of attraction can be assimi-
led to a strong dipole force and makes the adsorption pro-
cess stronger (Mahmoodi et al. 2018). Indeed, adsorption is 
widely interpreted by mechanisms such as: π–π interaction/
stacking, hydrogen bonding and electrostatic interactions. 
As a result of this adsorption, the frequencies appeared at 
437 and 556  cm−1 for NCF were shifted after adsorption 
to 451 and 563  cm−1 with a decrease in the intensity of the 
absorption band at 451  cm−1. At this stage, it is possible to 
propose a mechanism as follows:

The AG25 molecule, behaving like a Bronsted acid, 
decomposes in water giving two protons and a conjugate 
base ( AG25−

aq
) to its sulphonate group −SO−

3
 . Two NCF 

( 2NCF − OH+
surface moleculs positively charged surface will 

combine with AG25 via these groups. This mechanism will 
be confirmed in the results announced later in this article.

By comparing with the FTIR spectrum of AG25 pre-
sented in Fig. 6c. More modifications after interaction are 
noticed as follows:

• Almost total disappearance of the 3470  cm−1 NH stretch-
ing bond,

• A decrease in intensity of the 2924  cm−1 CH asymmetric 
stretching  (CH2),

• A decrease in intensity of the 2855  cm−1 CH symmetric 
stretching  (CH2),

• A total disappearance of the 1504  cm−1  NH2 bending,
• A shift from 1460 to 1456  cm−1 of the intense –COO 

asymmetric stretching absorption band,
• A shift from 1371 to 1377  cm−1 of –COO asymmetric 

stretching,
• A total disappearance of the 725  cm−1  CH2 wagging.

The intensity variations of the different functional groups 
suggest that the interaction rise to adsorption between AG25 
and NCF.

(4)AG25 + H2O ⇋ AG25−
aq
+ 2H+

,

(5)2NCF − OH+
surface + AG25−

aq
⇋ NCF − O − AG25.

Adsorption: AG25/CoFe2O4 System

pHpzc

The pH of the point of zero charge  (pHpzc) is an important 
parameter used in the estimation of the acid–base effect 
when electrostatic forces are involved in the mechanism of 
adsorption (Kosmulski 2017). To summarize the adsorp-
tion mechanism and the influence of pH, it would therefore 
be interesting to determine the Point of Zero Charge (PZC) 
of the adsorbent. In all cases, the adsorption of cations 
is favored at pH >  pHPZC and the adsorption of anions is 
favored at pH <  pHPZC.

Fig. 6  Infrared spectrum of: a  CoFe2O4; b:  CoFe2O4-AG25 and c 
AG25
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The  pHpzc corresponds to the pH value for which the 
charge on the surface of adsorbent is zero. It is the pH of 
an aqueous solution in which a solid exists under a neutral 
electrical potential. Figure 7 shows that the pHpzc is equal 
to 6.1. When the pH is > 6.1, the surface of the adsorbent, by 
loosing protons, becomes negatively charged and disfavours 
the attracation of AG25, which is an anionic dye, due to the 
decrease of the electrostatic attraction force. For pH < 6.1, 
there is an increase in the attraction force because of the 
increase in the positive charge of the adsorbent surface.

Adsorption Parameters

Equilibrium Time Figure 8 shows that the equilibrium time 
is of 120  min for a maximum elimination rate of 75% of 
dye. The instantaneous profile of the concentration of AG25 
solution obtained experimentally shows an equilibrium 
rate followed by a saturation step which stabilizes nearby 
100 min. Adsorption can be controled by the transfer rate of 
the adsorbate through the outer liquid film and/or diffusion 
of the solute inside the adsorbent particle (Zaviska et  al. 
2009; Wang and Chen 2020). The evolution of the kinetic 
phase is justified by the saturation of the nano ferrite adsorp-
tion sites. As soon as the sites are filled by the dy molecules, 
a liquid solid equilibrium is established. The first rapid 
evolution corresponds to the external mass transfert while 
the second is slow and linked to the diffusion phenomenon 
(internal mass transfert).

Adsorbent Dose The amount of adsorbent is an important 
parameter that influences the adsorption process. It contrib-
utes to know the cost of the process outside from the techni-
cal aspect.

The adsorption sites can be optimized by the dose effect 
of the adsorbent. The results (Fig. 9) show that the adsorp-
tion rate increases with increasing NCF dose. This can be 
explained by increase in the number of adsorption sites 
with increasing adsorbent amount (R = 73% for 32 mg  L−1 
of dose). As a result, the fixation of molecules to the pores 
also continues to increase, but after this fixation, there is a 
stabilization around an equilibrium concentration. At this 
time, it is preferable to stop increasing the dose, otherwise 
there will be a decrease of the concentration in the adsorbent 
suspension. This will lead to the dispersion of the particles 
in the aqueous phase. Consequently, the adsorbent surfaces 
will be more exposed and will facilitate the accessibility of 
a large number of free sites to molecules which initiales a 
return phenomenon (desorption). Some authors have attrib-
uted this decrease to a desorption of the adsorbed com-
pound due to the increase in inter-particle collisions when 
the mass of adsorbent increases (Machado et al. 2016; Khan 
et al. 2018). Other authors explain it by a decrease in the 

molecular diffusion of the solute when the mass of adsor-
bent increases. Consequently, the time required to establish 
equilibrium would be longer (Rapo and Tonk 2021; Lin et al. 
2008; Xiaoning et al. 2008).

pH of the System Figure 10 shows the variation in the rate 
of discoloration as a function of the pH. It can be seen that 
the best removal rate of the dye by nano cobalt is obtained at 
pH = 2 showing that the adsorption machanism is favoured 
in an acid medium. This can be explained by the high acid-
ity resulting in a strong electrostatic attraction between the 
surface of the positivity charged adsorbent and the AG25 
dye which implies a high adsorption. On the other hand, 
when the pH of the system increases, the number of nega-
tively charged sites increases and the number of positively 
charged sites decreases, resulting in a decrease of adsorp-
tion. Research has shown that the increase in adsorption at 
low pH depends no only on properties associated with the 
surface of the adsorbent but also on the structure of the dye. 
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Under these conditions a higher adsorption of anionic mol-
ecules is favored by an acidic medium. These results cor-
roborate the mechanism proposed in Sect. 3.3.

Adsorption Isotherms

The dye adsorption isotherms of AG25 dye on NCF material 
is shown in Fig. 11. Adsorption isotherms indicate the distri-
bution of adsorbed molecules between the liquid and solid 
phases at equilibrium state. The shape of these isotherms can 
indicate the nature of the interaction between the adsorbate and 
the adsorbent. It is usually a simple mass transfer process from 
the liquid phase to the solid surface. According to the IUPAC 
classification, this isotherm is type I. This type of isotherm is 
generally obtained in the case of microporous adsorbents with 
a gradual saturation of the adsorption sites.

The isotherm models can be used to deduce the main char-
acteristic parameters of adsorption.

Many theoretical models have been developed to describe 
adsorption isotherms. In this work, two types of isotherms 
models were verified: Langmuir (1918) and Freundlich (1906) 
models. The first one assumes that the adsorbent surface is 

uniform with limited adsorption sites. Only a monolayer is 
created during adsorption and the adsorbate molecules occupy 
these dictint surface sites without interacting with each other 
and with identical affinity. The Langmuir equation can be 
described as follows:

where qmax is the adsorbed substrate quantity per solid mass 
unit (mg  g−1), Ce is the AG25 concentration at equilibrium 
(mg  L−1), qe is the amount of the adsorbed AG25 (mg  g−1), 
KL is a constant and b is the maximal capacity of adsorption 
(mg  g−1).

Equation (6) can be rearranged as follows:

where qmax and KL are the constant of the model determined 
from the curve Ce/qe versus Ce.

The Freundlich model is the oldest relation describing the 
adsorption equation. It is often expressed as follows:

where qe is the amount of AG25 adsorbed per unit mass 
of nano ferrite (mg  g−1) at equimibrium, Ce is the equilib-
rium concentration dy in solution (mg  L−1). KF is a Freun-
dlich constant representing the adsorption capacity, n is the 
adsorption constant intensity and (1∕n) is associated to the 
surface heterogeneity (Meroufel et al. 2015).

Equation (8) can be linearized acconrding the following 
equation:

(6)qe =
KL × qmax × Ce

1 + KL × Ce

,

(7)
Ce

qe
=

Ce

qmax

+
1

KLqmax

,

(8)qe = KFC
1∕n
e

,

(9)lnqe = lnKF +
1

n
lnCe,
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where KF and 1/n are determined from plotted lnqe versus 
lnCe.

Figure 12 shows the linearized form of isotherm adsorp-
tion according the two mentioned models. The results sum-
marized in Table 2, showed high values of the regression 
coefficient R2 (0.9855) for the Langmuir model compared to 
the Freundich model (0.7498). The slope and the intercept 
determine the maximum adsorption capacity qmax as well 
as the constant KL for the nano ferrite adsorbent. The dye 
adsorption capacity obtained by the nano ferrite has been 
8.71 mg of AG25 per gram of material which is encouraging 
for the improvement of the overall adsorption capacity. It can 
be concluded that the surface of adsorbent is homogeneous 
and that the adsorption process of AG25 produces a mon-
olayer on its outer surface because the qmax value predicted 
by the Langmuir model is close to the experimental value 
(Boamah et al. 2014).

Table 6 summarizes the adsorption capacities of AG25 
by  CoFe2O4 and by other materials. A simple comparison 
between these adsorbents in terms of maximum adsorption 
capacities, it is possible to classify  CoFe2O4 in the category 
of Polyaniline/sawdust composite, PANI NT, and PAC-
MnO2-NC. The other materials have certainly much higher 
capacities but remain recommended for the treatment of 
aqueous solutions with a high organic matter content.

An essential characteristic of the Langmuir isotherm can 
be expressed in terms of a dimensionless separation factor 
or equilibrium parameter RL. (Hall et al. 1966; Kalotra et al. 

2021). The RL value can be used to indicate the behavior and 
evaluate the feasibility of the adsorption process. RL values 
are given below:

where Co is the initial concentration of the adsorbate (mg 
 L−1) and KL the Langmuir constant (L  mg−1).

Four scenarios are probable: (i) the adsorption is 
unfavourable (RL > 1), (ii) the adsorption is favourable 
(0 < RL < 1), (iii) The adsorption is linear (RL = 1), and finally 
(iv) the adsorption is irreversible (RL = 0).

According to Fig. 13, there is a favourable adsorption 
process. Indeed, in the case of the adsorption of AG25 by 
NFC, the values found from the Langmuir model for  RL 
were 0.00205, 0.00103, 0.000686, 0.000514, 0.000343 and 
0.000294 for the initial concentrations of 50, 100, 150, 200, 
250, 300 and 350 mg  L−1 of AG25, respectively. The con-
firmed magnetic properties of NFC seem improve the migra-
tion of dye molecules into the crystal grains of the material. 
The AG25 molecule and through its sulphonate groups and 
under the effect of the concentration gradient migrates to the 
outer surface of the grain of cobalt nono-ferrites. The loss of 
a magnetic field within the grains induces an electric field 
which attracts more the molecule of the dye inside the pore. 
This mechanism confirms the idea that the material used has 
both magnetic and electronic characteristics.

(10)RL =
1

1 + KLC0

,

Fig. 12  Adsorption isotherm 
models: a Langmuir; and b 
Freundlich
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Table 2  Site occupancy factors 
and Rietveld parameters

Atom Wyckoff S.O.F x = y = z Rietveld Parameters Cations distribution

O 32e 1.000 0.249 Rexp (%) 2 Site A Site B

Fe(A) 16c 0.680 0.000 Rwp (%) 3
Co(A) 16c 0.320 0.000 GoF 2 Co0.36 Fe0.64 Co0.64 Fe1.36

Fe(B) 8b 0.640 0.375 U 0.249
Co(B) 8b 0.360 0.375 a(Å) 8.321
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As regards to the Freundlich isotherm model, the param-
eter n can be used to know the nature of adsorption. If n = 1, 
the adsorption is linear, if n ˃ 1, the process is pysical and 
if n ˂ 1, the adsorption process is chemical. In this work, 
the value of n is greater than 1 (3.12), indicating that the 
adsorption onto the material surface is a physical process 
(Ansari et al. 2016).

Adsorption Kinetic

The adsorption process can be known by studing the kinet-
ics of the adsorption rate of AG25 on the adsorbent surface 
at different contact times (1–120 min). The result obtained 
were applied to the two most commonly used models: 
pseudo-first order (Lagergren 1898; Ho and Mcka 1998).

The pseudo-first order model is given by the following 
equation:

The pseudo-second order model is given as follows:

where qe is the amount of dye adsorbed at equilibrium time 
(mg  g-1), qt is the quantity of dye adsorbed at time (mg  g-1), 
k1 is the rate constant of the pseudo-first order, k2 is the 

(11)ln
(

qe − qt
)

= ln qe − k1t.

(12)
t

qt
=

1

k2q
2
e

+
1

qe
t,
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Fig. 14  Kinetics of adsorption 
process: a pseudo-first order; 
and b pseudo-second order
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Table 3  Isotherms parameters 
of adsorption of AG25 by nano-
ferrite

Langmuir isotherm parameters qexp (mg/g) Freundlich isotherm parameters

qm (mg/g) KL (L  mg−1) R2 n KF (mg  g−1) R2

7.35 9.71 0.9855 8.06 3.12 1.30 0.7498

y = 1.778x - 2.4113
R² = 0.999
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pseudo-second order rate constant (g  mg-1  min-1) and h = 
k2qe2 is the initial rate constant (g  mg-1  min-1).

The order of the the adsorption reaction of the dye on the 
adsorbent was determined by successively introducing 25 ml 
of the dye solution of known concentration (30 mg  L−1) to 
which the optimal dose of the adsorbent was added. The 
mixture is stirred for intervals of less than the equilibrium 
time. The filtrate is centrifuged and analyzed spectropho-
tometrically. The results are shown in Fig. 14a and b. In 
this context, the adsorption of AG25 by cobalt nano ferrite 
follows pseudo-second order kinetics with R2 = 0.997 and 
experimental adsoprtion capacity of 8.71 mg  g−1 near the 
calculated value of 8.06 mg  g−1 as it is show in Table 3.

The pseudo-second order model assumes that a first rapid 
reaction reaches equilibrium very quickly, followed by a 
second slow reaction that can continue over time. The high 
value of K2 (0.96) versus K1 (0.91) confirms this process 
of AG25 adsorption by NCF (Zamani and Tabrizi 2014; 
Hameed et al. 2007).

Adsorption Thermodynamic Parameters

Temperature is an important parameter in the adsorption 
process. The thermodynamic parameters make it possible 
to know the nature of the adsorption process and to evaluate 
the effect of the temperature on the adsoprtion of the dye to 

the surface on the adsorbent. The effect of temperature on 
the adsorption was estimated by determining the Gibb’s free 
energy variation ΔG0, standard enthalpy variation ΔH0 and 
standard entropy variation ΔS0. The Langmuir isotherm was 
used to calculate the thermodynamic parameters and were 
obtained from experimental data at temperatures 298 K, 
303 K and 313 K using the following equations:

where ΔG0 (kJ  mol−1) is the Gibb’s free energy variation, 
ΔH0 (kJ  mol−1) is the standard enthalpy variation and ΔS0 
(kJ  mol−1  K−1) is the standard entropy variation, Kd is the 
distribution coefficient, R is the universal gas constant 
(8314 J  mol−1  K−1) and T (K) is the absolute temperature 
of the solution.

The results show that the thermal effect did not improve 
the adsorption capacities. The increase in temperature does 
not favour the adsorption of the dye by the nano ferrite. The 
molecules of AG25 tend to leave the solid phase and pass 
into the solution. This means that the adsorption of AG25 
by NCF is favourable at low temperatures. ΔH0 and ΔS0 
were determined from the slope and intercept of the Van’t 
Hoff curves of (ln Kd) versus (1000/T) (Fig. 15) taking into 
account the relationship between ΔG0 and Kd (Eq. 14). The 
results thus calculated are given in Table 4. The thermo-
dynamic parameters reveals that adsorption of AG25 onto 
NCF is a spontaneous and feasible process (négative ΔG0). 
The ΔS0 < 0 indicates that the adsorption decreases ran-
domly at the adsorbent-adsorbate interface. The negative 
ΔH0 value shows that the adsorption of AG25 in exother-
mic process. The low value of the activation energy ΔH0 
(− 14.78 kJ  mol−1) was below 40 kJ  mol−1 confirming the 
physisorption process as reported in the literature (Abechi 

(13)ΔG
◦

= ΔH
◦

− T×ΔS
◦

,

(14)ΔG
◦

= −R × T × LnKd,

Table 4  Kinetic parameters of 
adsorption of AG25

Pseudo-second-order kinetic parameters qexp (mg/g) Pseudo-first-order kinetic parameters

qcal (mg/g) K2 (mg/(g.min)) R2 qcal (mg/g) K1 (1/min) R2

8.06 0.97 0.997 8.71 2.07 0.91 0.864

Table 5  Thermodynamic parameters of adsorption of AG25 by nano-
ferrite as various temperature

Adsorbant ΔH0 (kJ 
 mol−1)

ΔS0 (kJ mol 
 K−1)

ΔG0 (kJ  mol−1)

Nano-ferrite − 14.78 − 20.04 298 K 303 K 313 K

− 8.79 − 8.72 − 8.50

Table 6  Maximum adsorption 
capacities of acid green 25 dye 
by some adsorbents

Adsorbent Qm (mg  g–1) References

Polyaniline/sawdust composite 6.21 Ansari and Dezhampanah (2013)
PANI NT 6.89 Ayad and Abu El-Nasr (2012)
PAC-MnO2-NC 9.38 Sathya et al. [2018]
Shells of bittim 16 Aydin and Baysal (2006)
Polyaniline/clay nanocomposites 34.14 Kalotra and Mehta (2021)
Graphene impregnated with  MnO2 324.26 Yusuf et al. (2020)
Self-floating adsorbent 344.8 An et al. (2021)
CoFe2O4 8.71 This study
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2018; Edokpayi and Makete 2021). In this case, rate of ΔH0 
coincides with the physorption range. In this way, adsorption 
of AG25 on the nano ferrite is physical in nature. Although 
in physical adsorption, the adsorbate species are adsorbed in 
a short period of contact time, whereas chemical adsorption 
requires a longer contact time at equilibrium (Dogan et al. 
2007; Abechi 2018) (Tables 5, 6).

Conclusion

In the present work, the removal of AG25 in aqueous solu-
tion using  CoFe2O4 as an adsorbent was investigated. Cobalt 
nano-ferrite has been synthetized from aqueous solution by 
the auto-combustion method and characterized by XRD, 
SEM, VSM, FTIR spectroscopy and  pHpzc. The equilibrium 
adsorption data can be fitted to the Langmuir isotherm. From 
this model, the maximum monolayer adsorption capacity 
for AG 25 was of 8.71 mg   g−1. The effect of adsorbent 
dose, contact time, initial dye concentration, initial solu-
tion, pH and temperature of AG25 solution, on adsorption 
were investigated. The kinetics data were better fitted in the 
pseudo-second order model from the values of regression 
coefficient (R2). The determination of the thermodynamic 
parameters showed that the process was exothermic, spon-
taneous and of physisorption nature and partially chemical 
adsorption.

The combination between results of adsorption process 
and the proved magnetic properties, a mechanism was pro-
posed to confirm that  CoFe2O4 material has both magnetic 
and electronic characteristics which can be beneficial for 
water pollution control. Thus,  CoFe2O4 material can be con-
sidered as an efficient adsorbent, low cost, easily synthesized 
and environmentally friendly for the removal of AG25 from 
wastewater.
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