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a b s t r a c t
Cobalt-zinc ferrite nanoparticles of general formula Co1–xZnxFe2O4 (0.0 ⩽ x ⩽ 1.0) were synthesized 
by means of chemical co-precipitation method. Impedance analysis was used to study the grain and 
inter-grain conductivities. The changing of complex conductivity with composition confirmed the 
semiconducting behavior. A significant influence of Zn concentration on dielectric properties was 
observed. The obtained Co-Zn ferrites were examined as magnetic adsorbents using both cationic 
and anionic dyes as model pollutants. Substitution of zinc ions with cobalt ones resulted in changes 
in sorption characteristics. The efficiency of Methylene Blue (MB) dye removal was increased with 
increasing Co content. On contrary, efficiency of Acid Orange 7 dye removal was increased with 
increasing Zn content. The adsorption of the both anionic and cationic dyes onto ferrite nanoparticles 
agreed well with the Langmuir isotherms. The maximum adsorption capacity for the Acid Orange 
7 dye was reached up to 31 mg/g using ZnFe2O4, while the maximum adsorption capacity for the 
cationic Methylene Blue dye was found to be 3.4 mg/g on Co0.9Zn0.1Fe2O4. The relation of adsorption 
efficiency with ionic-covalent and acid-base parameters of the ferrite surface was also discussed.
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1. Introduction 

Adsorption is well known as affordable and efficient 
method of water purification. A huge number of sorbents 
based on diverse materials such as activated carbon, clay 
minerals, waste biomass, agricultural by-products etc. have 
been proposed for the removal of various types of pollutants 

from aqueous medium [1–4]. In the recent decades, literature 
reports the information about the sorbents with magnetic 
properties possessing the advantage of after-use separation 
by means of external magnetic field. Among the magnetic 
sorbents, the most promising materials are ferrite spinels 
possessing adjustable crystalline structure [5,6]. Year-to year, 
spinel ferrite sorbents attract ever increasing attention of 
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researchers (Fig. 1). Ferrite materials have good chemical and 
thermal stability. Ferrite sorbents provide fast adsorption 
kinetics and high adsorption capacity [7]. The raw materials 
for ferrite synthesis are cheap and readily available [8]. The 
magnetic spinel materials of micro- and nanometer size have 
proven to suit well for water decontamination [5,9–14]. The 
recent examples concern mainly removal of heavy metal ions 
[15–22] and organic dyes [23–27]. It is important that mag-
netic properties of the ferrite materials can be finely adjusted 
via inter-lattice cation substitution [9–13].

Magnetite, Fe3O4, is the very popular component of com-
posite magnetic sorbents. As a matter of fact, magnetite is 
ferrous ferrite, FeFe2O4, with the spinel crystalline structure. 
Synthetic magnetite nanoparticles were proved to provide 
fast and effective removal of Cd(II) ions with adsorption 
capacity up to 200 mg/g [8]. Inclusion of nanometer-sized 
magnetite into sorbent matrix provides magnetic properties 
to the typical sorbents. For example, natural zeolite 
(clinoptilolite) doped with magnetite particles was proven 
to be a good sorbent for 90Sr ions [18]. The radionuclide 
was easily removed using adsorption followed by magnetic 
separation. Composite sorbent of carbon-magnetite core 
and zero-valent iron shell was obtained via hydrothermal 
synthesis and subsequent borohydride reduction [19]. The 
sorbent consisted of nearly spherical magnetite particles 
(100–150 nm in size) covered by a carbon layer. Zero-valent 
iron particles of about 20–25 nm in diameter were aggre-
gated on the carbon surface. The efficient removal of Pb(II) 
ions (nearly 100%) was achieved due to two subsequent pro-
cesses: adsorption and reduction by zero-valent iron [19]. 
Chitosan macromolecules and magnetite nanoparticles were 
grafted onto graphene oxide surface in order to improve 
post-sorption separation [20]. The nanometer-sized flakes 
of the composite sorbent exhibited a good performance 
in removal of chromate ions from aqueous solutions. The 
adsorption capacity reached 130 mg/g for 10 h. The weakly 
bounded Cr ions were removed with alkaline washing. The 
composite sorbent was retained 80% of its sorption capacity 
after ten regeneration cycles [20]. Core-shell sorbent of copper 
and magnetite nanoparticles was obtained using the extract 
of Aeglemarmelos leaves as a reducing and capping agent. The 
sorbent was used for Pb(II) ions removal [21]. Nanoparticles 
of carbon sorbent obtained good magnetic properties due to 
attached nickel ferrite [15]. The adsorption capacity toward 

mercury ions was registered to be as high as 300 mg/g. Four 
regeneration cycles result in negligible changes of adsorp-
tion and desorption properties [15]. Mixed-phase manganese 
ferrite and manganese oxide nanoparticles with good mag-
netic properties were prepared via coprecipitation in alka-
line medium [22]. The adsorption capacity toward chromate 
anions was registered in the range from 30 to 100 mg/g [22]. 
Magnesium ferrite nanosorbent was obtained using com-
bustion method with glycine-nitrate fuel [16]. The obtained 
magnetic particles consisted of agglomerates of crystallites 
approx. 8 nm in size. Good adsorption capacity toward Mn, 
Co, Ni, and Cu ions was retained after four regeneration 
cycles [16]. Magnesium ferrite was incorporated into cross-
linked alginate beads consisted of agglomerated spheri-
cal particles of 10–30 nm in size [17]. The nanosorbent was 
proved to provide high sorption rate and capacity. Sorption 
of strontium ions was reached 100 mg/g for approx. 1 h [17]. 

Much attention is paid by researchers for the adsorption 
of organic dyes used in textile and printing industries. Typical 
dye molecules contain toxic aromatic groups and should be 
removed from the aquatic environment. Magnetic core-shell 
adsorbent was prepared by grafting chitosan and L-arginine 
by means of epichlorohydrine on magnetite surface [23]. The 
carboxyl and amino groups bearing by hair-like chitosan 
macromolecules grafted with L-arginine provide fast sep-
aration of Methyl Orange dye with adsorption capacity as 
high as 240 mg/g [23]. Three-dimensional flower-like nickel 
ferrite on the surface of nickel foam was prepared via hydro-
thermal synthesis [24]. The Congo red dye was adsorbed up 
to 10 mg/g during 40 min [24]. Magnetic nanometer-sized 
copper ferrite, CuFe2O4, was synthesized by the combustion 
method [25]. Adsorption properties were evaluated using a 
cationic triarylmethane dye (Malachite Green). The low con-
tact time (~30 min) was sufficient to attain adsorption capacity 
about 22 mg/g [25]. Phytic acid modified magnetic CoFe2O4 
composites were synthesized by means of one-pot micro-
wave hydrothermal method [26]. The primary nearly spher-
ical (~20 nm) nanoparticles were agglomerated to nanorods 
and nanoflakes because of magnetic dipolar interactions. As 
a result, a coral-like nanostructure was formed. Increase of 
phytic acid amount resulted in decrease of adsorption capac-
ity toward anionic dye and increase of adsorption capacity 
toward cationic dye. Full magnetic separation of the adsor-
bent from aqueous solution requires approximately 2 min 
[26]. A Zn-silica modified CoFe2O4 nanostructured compos-
ite was synthesized using wet chemistry methods [27]. The 
sorbent comprises clusters of amorphous silica attached to 
surface of crystalline spinel nanoparticles (approx. 18 nm in 
size). Using the Methylene Blue dye, the maximum mono-
layer adsorption was registered to be 25.6 mg/g. Quite effec-
tive removal of Cr3+, Cu2+ and Pb2+ ions was recorded as well. 
Saturation magnetization of the material (39 emu/g) is suf-
ficient for magnetic removal of the spent sorbent from the 
decontaminated solution [26]. 

In the present work, the adsorption properties of cobalt-
zinc ferrites were studied thoroughly for the removal of 
Methylene Blue (MB) and Acid Orange 7 (AO7) dyes. The 
study is focused on relation of adsorption efficiency with 
nature of active centers on the surface and inter-grain bound-
aries and impedance analysis was also used to study grain 
and inter-grain conductivities.

Fig. 1. Number of scientific publications on “ferrites” and 
“adsorbent” (Source: Scopus®search date: 24–10–2018).
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2. Experimental 

2.1. Synthesis and characterization of Co1-xZnxFe2O4 adsorbents 

The series of the cobalt-zinc ferrite materials with chem-
ical composition (Co1-xZnxFe2O4, where x ranges from 0.0 to 
1.0 with the step of 0.1) were synthesized via co-precipitation 
method. X-ray diffraction, SEM, EDS, BET, VSM and FTIR 
spectroscopy were used for characterization of cobalt-zinc 
ferrite magnetic nanoadsorbents as described in our previ-
ous reports [12,13,28]. The room-temperature dielectric stud-
ies on the sintered pellets of Co1–xZnxFe2O4 were performed 
on the Autolab/FRA-2 (Holland) impedance analyzer in the 
frequency range of 10 Hz to 1 MHz. The dielectric constant 
can be calculated from the capacitance measured through 
the two probe method using impedance analyzer. Relation 
between capacitance and real permittivity is ′ =ε

ε
Cd
A 0

, where d 
is the distance between the two electrodes and A is the area 
of the sample and ε0 is the permittivity of the free space. The 
loss of electromagnetic energy due to absorption and is deter-
mined from the expression: Tanδ ε

ε
=

′′
′
, where ε’’ is dielectric loss.

2.2. Determination of point of zero charge 

Net surface charge of the sorbent in the aqueous medium 
was estimated using pH drift method [29]. The initial pH 
(pHinitial) of inert electrolyte solution (0.1 M NaCl) was 
adjusted to a desired value in the range 2.5–11.0 by adding 
0.1 M HCl or KOH solutions. Accurately weighted 100 mg 
of the ferrite powder was added to 15 mL of the solution and 
the mixture was magnetically stirred for 24 h. The sample 
was centrifuged and the final pH of the supernatant was 
measured. The pH meter with combined glass electrode 
was calibrated immediately before the measurements using 
standard buffer solutions. The pH difference has positive 
values at high pH and negative ones at low pH. Values of the 
final pH were plotted vs. values of the initial pH. The point 
of zero charge (pHPZC) was determined as intersection of the 
experimental curve with the straight line pHfinal = pHinitial. 

2.3. Adsorption measurements

Batch adsorption experiments were carried out in conical 
flasks with magnetic stirring at ambient temperature (293 K) and 
neutral pH. Aqueous solutions of MB dye (25 mL) or AO7 dye 
(50 mL) with pre-set concentration (10; 25; 50; 75; 100 mg/L) were 
mixed with precisely weighted mass of the sorbent (125 mg or 
50 mg, respectively). After stirring overnight, the sorbent was 
magnetically separated. The equilibrium concentrations of dyes 
were determined with spectrophotometer (Spectroquant Pharo 
300, Merck, Germany) measuring absorbance at 662 nm (MB) 
or 484 nm (AO7). The optimal wavelengths were determined 
from the dye spectra (Fig. 2). The adsorption capacity, qe (mg/g), 
was calculated as follows [26,30]:

q
C C V

me
o e=
−( ) ⋅

� (1)

where qe is the adsorption capacity (mg/g), Co and Ce are the 
initial and the equilibrium dye concentrations (mg/L), m is 

the adsorbent mass (g) and V is the sample volume (L). The 
percentage of dye removal was calculated as follows [26]:

Removal %( ) =
−( )

×
C C

C
o f

o

100 � (2)

where Co and Cf are the initial and final dye concentrations, 
respectively.

3. Results and discussion

3.1. Dielectric properties of the Co1-xZnxFe2O4 nanoparticles

3.1.1. Compositional dependence of dielectric constant

The room temperature dielectric constant of Co-Zn 
nanoferrite with Zn content at frequencies 1 and 10 KHz is 
shown in Fig. 3. It is observed that substitution of Zn strongly 
influence the dielectric constant. The dielectric constant 
rapidly decreases with increasing Zn up to x = 0.6 and 
thereafter considerable increase is observed beyond x = 0.6. 

The variation of dielectric constant with Zn concentration 
is not a linear function, which suggests that the dielectric 
constant not only influenced by the substitution of Zn but 
also on other parameters. In order to facilitate the discussion 
on variation of dielectric constant; crystallite size, porosity, 

Fig. 2. Molecular structure and absorbance spectra of (a) MB and 
(b) AO7 dyes.
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inter-ionic bond angles (θ3, θ4), and distances between (b, f) 
ions at octahedral (B) sites are calculated using the relations 
[9] and listed in Table 1.

It is a well-known fact that, dielectric constant is a direct 
consequence of electronic exchange between Fe2+↔Fe3+ ions 
and these electrons are transported by means of grains and 
across the grain boundaries. This results in local displace-
ments of charge carriers which further determine the polar-
ization of the ferrites. The distance between cations present at 
A-sites (3.6 Å) is greater than that of B-sites (2.9 Å). Therefore, 
higher the presence of Fe2+ and Fe3+ concentration at octahe-
dral B sites would enhance the dielectric constant. In mixed 
spinel ferrite, divalent Zn ions always prefer to occupy the 
tetrahedral A-sites, Co2+ ions to octahedral B-sites, while Fe3+ 
ions occupy both A sites and B-sites but in different propor-
tions to obtain charge neutrality of the system [28]. In the 
present work, substitution of zinc ions in A-sites will cause 
migration of some of the Fe3+ ions in to B-sites. Thus, one can 
expect that dielectric constant increases with Zn content due 
to the availability of Fe3+ ions at B sites. In contrast to the above 

argument, it decreases initially up to x = 0.6 and thereafter, 
increases with Zn concentration. It can be seen from Table 1 
that porosity, inter-ionic distances (b, f) and angles (θ3, θ4) 
increases with Zn content and are responsible to inhibit the 
exchange between charge carriers between ferrous and ferric 
ions. However, it is possible for the formation of Fe2+ ions to 
maintain the charge neutrality due to the volatilization Zn. 
Based on the above discussion, it can be understood that, for-
mation of Fe2+ ions takes place in the ferrites when Zn con-
tent is above x = 0.6, which further contributes the observed 
increase in dielectric constant [31,32]. 

3.1.2. Frequency dependence of dielectric constant and loss 
tangent

Frequency response of the ε’ and loss tangent (Tan δ) 
for all Zn substituted Co ferrite samples at room temperature 
are shown in Fig. 4. 

It can be seen (Fig. 4) that both ε’ and Tan δ shows sim-
ilar response to the applied frequency i.e., decreases with 
increasing frequency, which is a normal dielectric behavior 
of spinel ferrites. The dispersion is rapid at lower frequen-
cies and independent at high-frequencies. The present vari-
ation can be understood from Koop’s phenomenological 
theory [33], the ferrite ceramic assumed to be composed of 
well conducting grains separated by highly resistive layers 
or grain boundaries. Therefore, electrons are pile up at the 
grain boundaries which enhance the dielectric constant. In 
the same line, the observed high loss at lower frequencies 
is due to requirement of greater energy for the exchange 
of electron between the Fe2+ and Fe3+ ions. However, in the 
high-frequency region, grain boundaries are less effective 
and therefore smaller energy is required for electron trans-
fer between Fe2+ and Fe3+ ions, which is responsible for lower 
loss. Further, exchange of charge carriers reduced at higher 
applied frequencies, which is responsible for the observed 
decrease in dielectric constant.

Fig. 3. Compositional dependence of dielectric constant at 
different frequencies.

Table 1
Dielectric constant (ε’), crystallite size (D), specific surface area (S), porosity, inter-ionic bond angles (θ3, θ4) and distances (b,f) 
between ions at octahedral (B) sites (data taken from reference [28])

Zn (x) Dielectric constant (ε’) at 300 K SBET Porosity (%) D (nm) θ3 θ4 b f 

1 KHz 10 KHz 100 KHz 1,000 KHz

0 2534.9 1238.9 672.5 366.3 9.7 2.9 28 90.26 125.32 2.9535 5.1155
0.1 3301.4 1113.3 638.4 305.3 11 3.6 36 91.61 125.6 2.9626 5.1313

0.2 940.6 556.4 446.2 325.8 9.8 6.1 47 91.7 125.66 2.9662 5.1376

0.3 953.9 598.3 384.8 257.1 10.2 5.3 50 91.5 125.61 2.9692 5.1428

0.4 922.9 519.2 434.9 325.1 10.1 9.7 54 91.54 125.62 2.9704 5.1449

0.5 503.9 394.9 376.1 306.3 8.2 12.9 51 91.8 125.68 2.9723 5.1481

0.6 546.8 373.3 337.9 251.8 8.2 15.1 45 91.78 125.68 2.9741 5.1513

0.7 619.5 398.8 360.1 278.1 9.8 19.1 44 92.04 125.73 2.9785 5.1589

0.8 714.8 460.2 415.6 320.9 9 22 40 92.97 125.94 2.9774 5.157

0.9 666.8 471.1 423.1 339.5 8.6 26.7 38 93.92 126.15 2.9813 5.1638

1 797.1 530.3 429.9 326.6 7 28.7 37 94.33 126.24 2.9837 5.168
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3.1.3. Impedance spectroscopy analysis

Electrical conductivity of ferrites is influenced by the type 
and amount of cations present in the material, porosity, and 
grain size. However, grain size/grain boundary plays a major 
role in conductivity mechanism. Impedance spectroscopy 
is a very simple tool to understand and separate the contri-
bution from grain and grain boundaries to the conduction 
mechanism [34]. The classical model to describe the imped-
ance behavior is that of Debye and it is written in the form 
[34]:

Z Z iZ R
i

* = ′ + ′′ =
+( )1 ωτ � (3)

where Z’ = R/[1 + (ωRC)2] is the real part of complex impedance, 
Z’’ = ωR2C/[1 + (ωRC)2] is the imaginary part of complex imped-
ance, ω is the angular frequency and τ = RC is the relaxation 
time. Figs. 5(a) and (b) show the frequency dependent Z’ 
and Z’’ at room temperature for different Zn concentrations 
respectively. It is evident from the plot (5(a)) that the values of 
Z’ decreases with increasing applied frequency, suggest the 
enhancement in AC conductivity at higher frequency. It can 
also be seen that for the Zn concentration x = 0.6 maximum Z’ 
is obtained and decreases again thereafter, which is consistent 
with dielectric data (Fig. 3).

The Nyquist plots from complex impedance data of 
Co-Zn ferrite has been shown in Fig. 6. In general, Nyquist 

plot typically shows two semicircles; the first semicircle at 
low frequency side is due to the contribution of the grain 
boundary and second semicircle at high frequency is due to 
the grain or bulk properties of the materials. It is clear from 
Fig. 6 that no complete semicircle is found for all the samples. 
Moreover, for the composition x = 0.5 (Zn) onwards, only one 
quarter circle/arc is observed. It is because of the predom-
inance of grain boundary resistance and grain resistance is 
not possible to resolve within the applied filed range. Similar 
behavior is reported in the literature in different ferrites [35]. 
The diameter of the semicircles is a measure of the resistance 
of the grain and grain boundaries. The diameters of the semi-
circle (Fig. 6) suggest the resistance contribution is purely 
from the grain interior and grain boundary. It can also be 
seen from complex plane plot that grain boundary resistance 
increases with increase in Zn concentration.

3.2. Adsorption mechanism

Surface charge of the samples has a marked effect on 
the adsorption ability and adsorption mechanism. Ferrite 
materials were known to adsorb both cationic and anionic 
species from aqueous solutions. Net surface charge is a use-
ful parameter to estimate nature of active centers on the 
adsorbent surface. The surface charge of the ferrite sorbents 
was changed at different pH. The surface was positively 
charged in acid medium or negatively charged in alkaline 
medium. The pH at which the surface has zero net charge, 
known as pHpzc which is characteristic of amphoteric surface. 

(a)

(b)

Fig. 4. Frequency dependence of (a) dielectric constant and 
(b) loss tangent.

(a)

(b)

Fig. 5. Room temperature (a) real and (b) imaginary complex 
impedance as a function of frequency.
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The value of pHpzc is determined by the type and concentra-
tion of surface sites. The illustrative data is presented in Fig. 
7 using the samples with x = 0.0, 0.1, and 0.5. When the pH 
is higher than the PZC of the samples, their surface becomes 
negatively charged. In this case, electrostatic interaction 
with cationic species (for example, MB) was favorable. On 
contrary, the surface charge became positive in a solution 
with pH value lower than the PZC. In that case, electrostatic 
attraction of anionic species (for example, AO7) prevails. 
The reaction of protonation and deprotonation could be 
described by the following equations [36]:

= + = < → ( )+M OH H M OH pH pH+
2 PZC

protonation− − � (4)

= + = + > → ( )M OH OH M O  H O pH pHdeprotonation
2 PZC− −− −

� (5)

The measured values of the pHPZC were in the range from 
6.98 to 7.61 (Table 2). The zinc content had negligible effects 
on pHPZC of the studied samples. Moreover, the plots of final 
pH vs. initial pH of all the samples had plateau (Fig. 7). In 
other words, the value of pHfinal was almost unchanged at any 
value of pHinitial in this range. In the range pH = 6.98–7.61, 
the ferrite surface has buffering properties. The amphotheric 
nature of the ferrite surface is illustrated in Fig. 8 [36]. Hence, 
at natural pH the surface was able to adsorb both anionic and 
cationic species via electrostatic interaction. In the present 

Fig. 6. Impedance spectra of cobalt-zinc ferrites at room temperature.
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study, both anionic and cationic dyes were used to estimate 
adsorption activity of the zinc-cobalt ferrites. The obtained 
experimental data (Figs. 9 and 10) revealed that adsorption 
of MB dye on the zinc-cobalt ferrites was significantly lower 
than adsorption of AO7 dye. Thus, the adsorption was higher 
for the anionic species than for cationic one. 

The equilibrium isotherms give important information 
about the sorption mechanism and the features of interaction 
on the surface. Taking in mind the amphoteric character of 
cobalt-zinc ferrites surface, the adsorption isotherms were 
determined at nearly neutral pH. The data in Figs. 9 and 10 
indicate relationships between adsorption capacity (mg/g) 
and the equilibrium dye concentration (mg/L). The samples 
with x = 0.7….1.0 revealed low adsorption capacity for MB 
and for that reason they were not used in the equilibrium 
adsorption studies with high concentration of MB solutions. 
The Langmuir, Freundlich, and Dubinin-Radushkevich the-
oretical models were used to analyze the obtained isotherms 
(Fig. 11 and Table 3).

The Langmuir model assumes that (i) monolayer 
adsorption takes place, (ii) the adsorbent’s active sites are 
identical and (iii) no interaction between the adsorbed 

Fig. 7. Determination of zero point charge (pHZPC) of ferrites 
Co1–xZnxFe2O4. The values of final pH were plotted vs. initial 
pH (three most representative samples with x = 0.0, 0.1, 0.5 are 
shown) (conditions: NaCl concentration 0.1 mol/L, adsorbent 
mass 100 mg, V = 15 mL).

Table 2
Point of zero charge (PZC) of the Co1–xZnxFe2O4 ferrites 
(conditions: NaCl concentration 0.1 mol/L, adsorbent mass 
100 mg, V = 15 mL)

X pHPZC

0.0 7.61
0.1 7.42
0.2 7.43
0.3 7.59
0.4 7.38
0.5 6.98
0.6 7.28
0.7 7.45
0.8 7.50
0.9 7.41
1.0 7.42

Fig. 8. Schematic illustration of buffering properties of the 
cobalt-zinc ferrites surface.

Fig. 9. Equilibrium isotherms of Methylene Blue dye adsorption 
on the cobalt-zinc ferrite samples with different substitution 
degree (conditions: volume of dye solution 25 mL, adsorbent 
dosage 125 mg, natural pH, temperature 20oC).

Fig. 10. Equilibrium isotherms of Acid Orange 7 dye adsorption 
on the cobalt-zinc ferrite samples with different substitution 
degree (conditions: volume of dye solution 50 mL, adsorbent 
dosage 50 mg, natural pH, temperature 20oC).
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molecules occurs [37]. Two forms of the Langmuir equation 
are the following [38]:

q
q K C
K Ce
L e

L e

=
+

( )max

1
non-linear form � (6)

C
q

C
q K q

e

e

e

L

= + ( )
max max

1 linear form � (7)

where qe (mg/g) refers the equilibrium mass of dye adsorbed 
per unit adsorbent mass, Ce (mg/L) is the equilibrium dye 

concentration, KL (L/g) and qm (mg/g) are the isotherm constants. 
Linear dependences of Ce/qe vs. Ce were plotted for each sam-
ple (Figs. 11(a) and (b)). Figs. 11(a) and (b) show clearly that the 
adsorption of MB and AO7 dyes onto ferrite samples was well 
described with the Langmuir model. The values of the Langmuir 
constants qm and KL are presented in Table 3 together with the 
correlation coefficients (R2). The maximum adsorption capacity 
for MB was decreased from 3.04 to 0.43 mg/g with the increase 
in Zn content from CoFe2O4 to Co0.4Zn0.6Fe2O4. At the same time, 
the maximum adsorption capacity for AO7 was increased with 
increase of Zn content from 1.07 (for CoFe2O4) to 31.12 mg/g (for 
ZnFe2O4). A dimensionless constant, commonly known as sepa-
ration factor (RL), can be represented as follow [39]:

Fig. 11. (a,b) Langmuir’s plot of the Ce/q vs. Ce, (c,d) Freundlich’s plot of the log q vs. log Ce and (e,f) Dubinin-Radushkevich’s plot of 
the ln qe vs. ε2 of the cobalt-zinc ferrites for Methylene blue solution (a,c,e) and for Acid orange 7 solution (b,d,f).
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R
K CL
L o

=
+

1
1 � (8)

with KL (L/mg) is the Langmuir constant and Co is the 
initial concentration of adsorbate (mg/L). The adsorption 
nature may be estimated as unfavorable, linear, favorable 
or irreversible in the case the RL values are RL > 1; RL = 1; 
0 < RL < 1 or RL = 0, respectively. In the present study, all the 
calculated RL values were in the range 0 < RL < 1 (Table 2) 
indicated the adsorption nature was favorable for both MB 
and AO7 dyes.

The Freundlich model [40] describes multilayer sorption 
and sorption on heterogeneous surfaces with no a finite 
adsorption value. The Freundlich equations may be pre-
sented as follow [40]:

q K Ce F e
n= ( )1/ non-linear form � (9)

ln ln lnq K
n

Ce F e= + ( )1 linear form � (10)

where qe is the adsorption value (mg/g), Ce is the equi-
librium dye concentration (mg/L), KF and 1/n are model 
parameters. The parameter KF (mg/g) is the characteristic of 
adsorption capacity and 1/n represents adsorption strength. 
The Freundlich constants KF and 1/n are calculated from 
the intercept and slope of a linear plot of ln qe vs. ln Ce. 

The value of 1/n below 1 implies chemisorption process 
and indicate heterogeneity of active centers. The adsorp-
tion nature is more heterogeneous in the case 1/n is close 
to zero. The value of 1/n < 1 indicates favorable adsorption 
[37,41]. The obtained values of the Freundlich constants are 
presented in Table 3. The 1/n values were between 0 and 
1 indicated favorable adsorption of both dyes onto ferrite 
surface. Larger values of the KF constant indicated increased 
affinity of the Co-Zn ferrite nanoparticles toward the AO7 
dye (Table 3).

The Dubinin–Radushkevich (D-R) empirical model [37] 
is usually used to distinguish between physical and chemical 
nature of the adsorption process. The linear form of Dubinin–
Radushkevich isotherm may be presented as follows [37]:

ln ln maxq qe = −βε2
� (11)

where qmax (mg/g) is the D-R monolayer capacity, β (mol2/kJ2) 
is the activity coefficient and ε is the Polyani potential. Values 
of ε can be calculated from the following equation [37]:

ε = +






















RT
Ce

ln 1 1
� (12)

where the gas constant R = 8.314 J/(mol K) and temperature 
T (in K). 

The coefficient β is used to calculate mean sorption 
energy, E (kJ/mol) [37]:

Table 3 
Adsorption model parameters

Sample qmax,exp 
(mg/g)

Langmuir model Freundlich model Dubinin-Radushkevich model
qmax,calc 
(mg/g)

b RL 
(L/mg)

R2 KF 
(mg/g(mg/L)1/n)

1/n R2 qmax,calc 
(mg/g)

β  
(mol2Kj–2)

E 
(kJ mol–1)

R2

Methylene blue
X = 0.0 3.04 3.70 4.09 0.142 0.973 0.43 0.49 0.802 2.89 6.38 0.28 0.990
X = 0.1 3.43 4.02 3.44 0.131 0.996 0.61 0.41 0.986 2.76 1.87 0.52 0.826
X = 0.2 2.52 3.28 7.14 0.208 0.995 0.27 0.53 0.978 2.02 6.15 0.29 0.867
X = 0.3 1.64 2.05 8.60 0.165 0.995 0.22 0.49 0.948 1.45 7.12 0.27 0.910
X = 0.4 1.19 1.59 15.09 0.212 0.972 0.12 0.57 0.909 1.09 11.03 0.21 0.953
X = 0.5 0.43 0.51 31.84 0.156 0.989 0.10 0.59 0.924 0.39 10.02 0.22 0.970
X = 0.6 0.43 0.54 41.20 0.202 0.991 0.06 0.46 0.979 0.36 9.69 0.23 0.867

Acid orange 7
X = 0.0 1.70 2.04 9.43 0.161 0.986 0.26 0.43 0.940 1.56 15.53 0.18 0.911
X = 0.1 1.96 2.72 13.87 0.274 0.994 0.16 0.57 0.964 1.70 20.56 0.16 0.923
X = 0.2 2.13 3.11 14.94 0.318 0.998 0.15 0.60 0.980 1.77 21.32 0.15 0.901
X = 0.3 2.96 3.99 7.63 0.233 0.990 0.30 0.52 0.969 2.64 17.36 0.17 0.893
X = 0.4 4.16 4.39 1.36 0.056 0.996 1.55 0.23 0.915 3.97 5.90 0.29 0.885
X = 0.5 5.25 6.41 3.28 0.173 0.991 0.77 0.44 0.970 4.63 12.19 0.20 0.888
X = 0.6 8.67 10.32 1.75 0.153 0.997 1.42 0.42 0.974 7.55 8.90 0.24 0.874
X = 0.7 12.97 14.12 0.60 0.078 0.998 3.22 0.33 0.879 12.09 5.03 0.32 0.978
X = 0.8 19.89 23.36 0.66 0.133 0.992 3.15 0.44 0.935 16.98 5.20 0.31 0.931
X = 0.9 25.34 29.85 0.45 0.120 0.993 4.13 0.44 0.959 21.26 3.33 0.39 0.897
X = 1.0 31.12 35.84 0.33 0.105 0.992 5.52 0.42 0.985 24.75 1.76 0.53 0.850
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E =
1
2β � (13)

The E value indicates mean free energy needed to transfer 
one mole of sorbate from infinity to the adsorbent surface. 
It gives information about the adsorption mechanism. The 
physical adsorption takes place in the case E value is less 
than 8 kJ/mol. The adsorption has rather chemical nature 
in the case E value is in the range of 8–16 kJ/mol. The 
experimental plots of ln qe vs. ε2 proved to be quite straight 
lines (Figs. 11(e) and (f)). Correspondingly, the values of 
D-R parameters were calculated (Table 3). The obtained 
values of adsorption energy were below 8 kJ/mol indicated 
physical (electrostatic) sorption mechanism for all the ferrite 
sorbents studied. In the case of MB adsorption, the highest 
value of E (0.52 kJ/mol) was observed for the sample with 
x = 0.1. In the case of AO7 adsorption, the maximum energy of 
interaction between the dye molecules and adsorbent surfaces 
(0.53 kJ/mol) was observed for the sample with x = 1.0. 

The data of Table 3 show that the adsorption of the dyes 
onto cobalt-zinc ferrites was better fitted to the Langmuir 
model (R2 = 0.972 ÷ 0.996 for MB and R2 = 0.986 ÷ 0.998 for 
AO7) than the Freundlich and Dubinin-Radushkevich mod-
els. The results indicated rather homogenous nature of the 
adsorbent surface. The results Dubinin-Radushkevich model 
confirmed that dominating adsorption mechanism was elec-
trostatic interaction between the surface of the adsorbent and 
charged part of the dye molecules (Figs. 9 and 10).

All the zinc-cobalt ferrites revealed larger adsorption 
affinity for the AO7 dye as compared with pure cobalt ferrite 
(Fig. 12). In other words, the adsorption activity of ferrites 
regarding anionic dye was enhanced with the increase of the 
degree of zinc substitution. This fact may be explained as a 
result of increase of concentration of Fe3+ ions in the B-sites 
and/or increase of concentration of Zn2+ ions in the tetrahe-
dral sites of the ferrite lattice. 

At first time, we used ionic-covalent parameter (ICP) pro-
posed by Portier [42] for evaluation of acidic properties of 
cobalt-zinc ferrites. The ionic-covalent balance of chemical 
bonds in the mixed oxide affects both physical and chemical 
properties [43], and adsorptive properties as well. Our pre-
vious published data showed that the Zn ions occupied tet-
rahedral sites of the ferrite sub-lattice, while Co and Fe ions 
occupied both octahedral and tetrahedral sites [28]. Thus, the 
summary ICP of ferrites Co1–xZnxFe2O4 was calculated by the 
following equation [42]:

∑ = ( ) ⋅ ( ) + ( ) ⋅ ( )
+ ( ) ⋅

+ + + +

+

ICP c Zn ICP Zn c Co ICP Co

c Fe ICP F
A A A A

A

2 2 2 2

3 ee c Co ICP Co

c Fe ICP Fe
A B B

B B

3 2 2

3 3

+ + +

+ +

( ) + ( ) ⋅ ( )
+ ( ) ⋅ ( )

� (14)

where c is the concentration of cations and ICP is the partial 
ionic-covalent parameter of each cation in A- or B-sites of 
the spinel lattice. The ICP values were calculated from the 
following equation [42]:

ICP = − +log . .P 1 38 2 07χ � (15)

Polarizing power of the cation, P, is calculated as P = Z/r2 
using Z (formal cation charge) and r (the Shannon ionic radius 
taking into account the coordination of the cation [44]). The 
value of χ is electronegativity depending from cation oxida-
tion state [45]. The increase in zinc content led to increase of 
Σ ICP and indicated the increase of acidic character of the 
cobalt-zinc ferrite surface (Fig. 13). 

4. Conclusions

Sorption properties of cobalt-zinc ferrites Co1–xZnxFe2O4 
(0.0 ⩽ x ⩽ 1.0) were investigated in regard to ionic-covalent 
parameter and dielectric characteristic. The adsorption of 
AO7 dye on the cobalt-zinc ferrite surface was increased 
with increasing zinc content. The adsorption mechanism 
of both MB and AO7 dyes was electrostatic interactions 
between the adsorbate and adsorbent surface. The surface 
of cobalt-zinc ferrite becomes more acidic with increase of 
zinc content. Adsorption efficiency of the mixed ferrites for 
AO7 dye was increased with increase in zinc content and 
this was attributed to the increase of ionic-covalent parame-
ters of ferrites and acidity of the surface. The ZnFe2O4 ferrite 
showed the largest adsorption capacity to AO7 (31.12 mg/g) 
and could be used as efficient adsorbent for the removal of 

Fig. 12. Removal efficiencies of MB and AO7 from 10 mg/L 
solution of dye onto cobalt-zinc ferrites.

Fig. 13. Ionic-covalent parameter vs. Zn content.
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anionic dyes from wastewaters. The obtained results are 
important for the practical application of transition metal 
substituted magnetic ferrites in the water treatment. All the 
mixed ferrites have dielectric constant lower than the pure 
cobalt ferrite. The overall decreasing trend in dielectric con-
stant suggested that zinc ions obstructed hopping of charge 
carriers by ferrous and ferric ions. Complex impedance data 
confirmed that grain boundary resistance was increased with 
increasing the zinc ion content.
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