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Removal of Rhodamine B from aqueous solution by ZnFe2O4 
nanocomposite with magnetic separation performance

Wojciech Konicki1*, Daniel Siber2, Urszula Narkiewicz2

1Maritime University of Szczecin, Department of Environmental Protection, Henryka Pobożnego 11, 70-507 Szczecin, Poland
2West Pomeranian University of Technology, Szczecin, Institute of Chemical and Environment Engineering, Faculty 
of Chemical Technology and Engineering, ul. Pułaskiego 10, Szczecin 70-322, Poland
*Corresponding author: e-mail: w.konicki@am.szczecin.pl

Magnetic ZnFe2O4 nanocomposite (ZnFe-NC) was used as an adsorbent for the removal of Rhodamine B (RB) 
from aqueous solution. The synthesized nanocomposite was characterized by XRD, SEM, HRTEM, BET and FTIR. 
The effects of various parameters such as initial RB concentration (5–25 mg L–1), pH (3.4–11.1) and temperature 
(20–60oC) were investigated. The adsorption capacity at equilibrium increased from 5.02 to 9.83 mg g–1, with the 
increase in the initial concentration of RB from 5 to 25 mg L–1 at pH 7.0 and at 20oC. The experimental results 
indicated that the maximum RB removal could be attained at a solution pH of 4.4 and the adsorption capacity 
obtained was 6.02 mg g–1. Kinetic adsorption data were analyzed using the pseudo-fi rst-order kinetic model, the 
pseudo-second-order model and the intraparticle diffusion model. The adsorption kinetics well fi tted using a pseudo-
second-order kinetic model. The experimental isotherm data were analyzed using two isotherm models, namely, 
Langmuir and Freundlich. The results revealed that the adsorption behavior of the RB onto ZnFe-NC fi tted well 
with the Langmuir isotherm model. In addition, various thermodynamic parameters, such as standard Gibbs free 
energy (ΔGo), enthalpy (ΔHo) and entropy (ΔSo) have been calculated.
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INTRODUCTION

    Synthetic dyes are used extensively in the textile, paper, 
plastic, leather and other industries. At present, there 
are more than 100 000 dyes available commercially, and 
over 1 million tons dyes are produced per year, of which 
50% are textile dyes. It is estimated that approximately 
2% of the dyes produced are discharged directly in aque-
ous effl uent, and 10% is subsequently lost during the 
coloration proces1. The presence of even low concentra-
tions of dyes in water reduces light penetration through 
the water surface, precluding the photosynthesis of the 
aqueous fl ora. Additionally many dyes are carcinogenic, 
mutagenic and teratogenic and also toxic to human be-
ings, microorganisms, and fi sh species.

One of the most important dyes within the overall 
category of dyestuffs is Rhodamine B. Rhodamine B, 
an important representative of xanthene dyes, is a wa-
ter-soluble synthetic dye extensively used as a colorant 
in textile industries and food stuffs, and is also a well-
-known water tracer fl uorescent, which has the property 
of carcinogenicity, reproductive and developmental toxi-
city, neurotoxicity, and chronic toxicity towards humans 
and animals2. Therefore, it is very important to remove 
Rhodamine B and other dangerous dyes from industrial 
wastewater before being discharged into environment.

There are various methods available for dye remo-
vals which include chemical coagulation-fl occulation3, 4, 
adsorption5, 6, chemical oxidation7, 8, photocatalytic 
degradation9, 10 and membrane fi ltration11, 12. Amongst 
the numerous techniques of dye removal, the adsorption 
process is one of the effective techniques that have been 
successfully employed for color removal from wastewater. 
Therefore, many researchers have studied the feasibility 
of using various types of adsorbents for the removal of 
Rhodamine B from aqueous solutions. Selvam et al. 
have studied a removal of Rhodamine B from aqueous 

solution by adsorption onto sodium montmorillonite 
clay13. Gad and El-Sayed have synthesized an activated 
carbon from bagasse pith as the adsorbent for the re-
moval of Rhodamine B from aqueous solution14. Huang 
et al. have developed a hypercrosslinked polymeric 
adsorbent for removal of Rhodamine B form aqueous 
solution15. Shah et al. used walnut shells for removal of 
Rhodamine B from aqueous solutions and wastewater16. 
Liu et al. have prepared the tannic acid functionalized 
graphene nanocomposite for removal of Rhodamine B 
from aqueous solution17. Khan et al. have studied the 
removal of Rhodamine B from an aqueous solution by 
kaolinite18. Vijayakumar et al. have studied a removal 
of Rhodamine B from aqueous solutions by using a low 
cost natural adsorbent perlite19.

The adsorption processes for contaminants removal 
are effi cient and promising, but there is one bottle-neck 
in their application – separation of adsorbent. Using of 
magnetic adsorbents can help to overcome that barrier. 
Compared with traditional centrifugation and fi ltration 
methods, the magnetic separation method is considered as 
a quick and effective technique for separating adsorbents 
from environmental applications. In recent years, several 
researchers has been interested in magnetic separation 
of adsorbents in form of magnetic nanocomposites used 
for removal of dyes from aqueous solutions. Zhang and 
Kong have synthesized magnetic Fe3O4/C core-shell 
nanoparticles as adsorbents for removal of organic dyes 
from aqueous solutions20. Xie et al. have prepared ma-
gnetic halloysite nanotubes/iron oxide composites for the 
adsorption of Methylene blue, Neutral red and Methyl 
orange21. Singh et al. have developed and characterized 
a novel magnetic carbon-iron oxide nanocomposite for 
adsorption of Crystal violet from water22. Madrakian et 
al. used magnetic-modifi ed MWCNT for removal of Cry-
stal violet, Thionine, Janus green B and Methylene blue 
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from aqueous solutions23. Mahmoodi have synthesized 
and characterized magnetic ferrite nanoparticle-alginate 
composite as adsorbent for removal of Basic Blue 9, 
Basic Blue 41 and Basic Red 18 from aqueous solution24. 
Gao et al. have prepared magnetic polymer multi-wall 
carbon nanotube nanocomposite as adsorbent for removal 
of anionic azo dyes Orange II, Sunset yellow FCF and 
Amaranth from aqueous solution25. Yao et al. have syn-
thesized magnetic Fe3O4@graphene nanocomposite for 
removal of Methylene blue and Congo red26. Wu et al. 
have synthesized of superparamagnetic graphene-Fe3O4 
nanocomposite by a facile one-pot solvothermal method 
for adsorption of Pararosaniline from aqueous solution27. 
Wang et al. have prepared different MFe2O4 (M=Mn, 
Fe, Co, Ni) spinel ferrites nanocrystals synthesized by 
hydrothermal method for the removal of Congo Red28. 
Ai et al. have synthesized montmorillonite/CoFe2O4 
composite for removal of removal of Methylene blue 
from aqueous solution29.

Therefore, it is very interesting to test the capability of 
magnetic nanocomposites to eliminate dyes from water. 
Thus, in this work, magnetic ZnFe2O4 nanocomposite 
synthesized by a microwave assisted hydrothermal method 
was used for the removal of Rhodamine B from aqueous 
solutions. The effect of various experimental parameters 
such as initial dye concentration, pH and temperature 
on the adsorption process were evaluated. In addition, 
the adsorption isotherms, kinetic and thermodynamic 
analyses were carried out. The Langmuir and Freun-
dlich equations were used to fi t the equilibrium data. 
The experimental kinetic data were analyzed using the 
Lagergren pseudo-fi rst-order kinetic model, the pseu-
do-second-order model, and the intraparticle diffusion 
model. The thermodynamic parameters of the process, 
such as enthalpy, entropy and the standard Gibbs free 
energy, were also determined.

MATERIAL AND METHODS

Material
Zn(NO3)2 · 6H2O and Fe(NO3)2 · 4H2O and KOH sup-

plied by Chempur was used for the preparation of sample 
ZnFe2O4 nanocomposite. Rhodamine B (C28H31ClN2O3, 
molar mass 479.01) supplied by Zachem Barwniki was 
used as an adsorbate. The chemical structures of Rhoda-
mine B in the cationic and zwitterionic form are shown 
in Figure 1. All solutions were prepared using deionized 
water. All the reagents were of analytical grade and used 
as received without further purifi cation.

Synthesis of ZnFe-NC
ZnFe-NC nanocomposite which are prepared by using 

a microwave hydrothermal synthesis pressure 3.9 MPa 
and time 15 min at have been investigated. At fi rst, a mix-
ture of iron and zinc hydroxides was obtained by addition 
of 2 M solution of KOH to the 20% solution of a proper 
amount of Zn(NO3)2 · 6H2O and Fe(NO3)2 · 4H2O in 
water and then treated in a solvothermal microwave 
reactor. Next the obtained materials were washed with 
deionized water to remove salt residues. Finally, the 
materials were dried at 100oC for 24 h.

Characterization methods
The phase composition of the samples was determined 

using X-ray diffraction (XRD) was conducted on a X’Pert 
PRO Philips diffractometer using CuKα radiation. The 
morphology of the ZnFe-NC was examined by scanning 
electron microscopy SEM Zeiss Supra and high-resolu-
tion transmission electron microscope (HRTEM) FEI 
Tecnai F20 operating at 200 kV. The specifi c surface 
area of ZnFe-NC was measured by the BET method, 
using a Gemini 2360 Micromeritics surface area analyzer. 
The functional groups of ZnFe-NC were identifi ed by 
Fourier transform infrared spectroscopy FTIR analysis 
using a Perkin Elmer Spectrum One FT-IR spectrome-
ter. The point of zero charge pHpzc of ZnFe-NC was 
determined by the pH drift method30.

Adsorption experiments
Adsorption experiments were carried out in Erlen-

meyer fl ask, where the solution (200 mL) with an initial 
dye concentration was placed. Initial concentrations of 
RB were varied from 5 to 25 mg L–1. The fl ask with 
RB solution was sealed and placed in a temperature 
controlled shaking water bath (Grant OLS26 Aqua 
Pro, Grant Instruments Ltd) and agitated at a constant 
speed of 160 rpm. To observe the effect of temperature 
the experiments were carried out at three different 
temperatures, i.e., 20, 40 and 60oC. Before mixing with 
the adsorbent, various pH levels of the solution was 
adjusted by adding a few drops of diluted hydrochloric 
acid (0.1 N HCl) or sodium hydroxide (0.1 N NaOH). 
When the desired temperature was reached, about 30 
mg of ZnFe-NC was added into fl ask. At the end of the 
equilibrium period 2 ml of aqueous sample was taken 
from the solution, and the liquid was separated from 
the adsorbent magnetically. The determination of RB 
concentration was done spectrophotometrically (GENE-

Figure 1. Structures of RB – cationic (a) and zwitterionic (b) 
form
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SYS 10S UV-VIS Spectrometer, Thermo Scientifi c) at 
maximum absorbance λmax =554 nm.

The amount of RB adsorbed at equilibrium qe (mg g–1) 
was calculated by following equation:

  (1)

where CO (mg L–1) is the initial RB concentration, Ce 
(mg L–1) the RB concentration at equilibrium, V (L) 
the volume of the solution and m (g) is the mass of 
the adsorbent.

The procedures of kinetic experiments were identi-
cal with those of equilibrium tests. At predetermined 
moments, aqueous samples were taken from the so-
lution, the liquid was separated from the adsorbent 
and concentration of RB in solution was determined 
spectrophotometrically. The amount of RB adsorbed at 
time t qt (mg g–1) was calculated by following equation:

 (2)

where Ct (mg L–1) the RB concentration at any time t. 
Each experiment was carried out in duplicate and the 
average results are presented. The kinetic and isotherm 
models were evaluated by the linear correlation coeffi -
cient (R2).

RESULTS AND DISCUSSION

Characterization of the adsorbent
Figure 2a shows the XRD diffraction pattern of ZnFe-

-NC. All diffraction peaks of the nanocomposite are in 
good agreement with the standard diffraction pattern of 
cubic spinel-structured zinc ferrite ZnFe2O4 (JCPDS card 
no: 22-1012) (Fig. 2b). No other impurity peaks were 
detected indicating the purity of the synthesized sample. 
The average crystallite size of ZnFe-NC calculated by 
Scherrer equation was 11 nm.

Figure 3 shows the SEM image of the synthesized ZnFe-
-NC. SEM analysis indicates the presence of agglomerates 
of small particles. In addition, SEM image clearly shows 
that nanoparticles of ZnFe-NC have irregular spherical 
shape. Figure 4a and 4b show the HRTEM image of 

ZnFe-NC nanoparticles and particle size distribution 
of nanoparticles, respectively. It shows that the size of 
the obtained nanoparticles is in the range of 4–13 nm. 
The magnetic properties of the material were presented 
elsewhere31. The magnetic measurements showed the 
superparamagnetic behavior of ZnFe-NC nanoparticles, 
which allowed their magnetic separation from water. 

Figure 2. XRD patterns of ZnFe-NC (a) and standard ZnFe2O4 
(JCPDS 22-1012) (b)

Figure 3. SEM image of ZnFe-NC. Inset: magnetic separation 
of ZnFe-NC from the aqueous solution by permanent 
magnet

Figure 4. HRTEM image of ZnFe-NC (a) and particle size 
distribution (b)
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 (3)

 (4)

where k1 (min–1) is the pseudo-fi rst-order rate constant 
adsorption, t (min) time, k2 (g mg–1 min–1) is the pseu-
do-second-order rate constant adsorption. Values of k1 
and qe were calculated from the linear plots of ln(qe–qt) 
versus t (Fig. 7a). Values of k2 and qe were calculated 
from the slope and intercept of the linear plots obtained 
by graphical representation of t/qt versus t (Fig. 7b).

As shown in inset of Figure 3, the magnetic separation 
performance of the composite was tested by placing 
a magnet near the glass bottle. ZnFe-NC was attracted 
toward the magnet in a short period.

Figure 5 presents the FTIR spectra of ZnFe2O4. Two 
main broad metal-oxygen bands are seen in the FTIR 
spectra of all spinels, and ferrites in particular. The hi-
ghest one, ν1, is generally observed in the range 600–500 
cm–1, and it corresponds to intrinsic stretching vibrations 
of the metal at the tetrahedral site, Mtetra↔O, whereas 
the ν2 lowest band is usually observed in the range 
430–385 cm–1, is assigned to octahedralmetal stretching, 
Mocta↔O32. The band, observed at 562 cm–1 for ZnFe2O4 
can be assigned to tetrahedral Zn2+ stretching, ν1, and 
the band observed at 410 cm–1 involves the Fe3+ vibration 
at the octahedral site, ν2. The peaks at 1387, 1060, and 
845 cm–1 present in the IR spectrum of ZnFe2O4 can be 
assigned to the vibration of NO3

– group trapped in the 
prepared sample33–35. The bands at 1545 cm–1 and 3415 
cm–1 can be attributed to the O-H stretching vibration 
and H-O-H bending vibration of the free or absorber 
water molecules36.

Figure 7. Pseudo-fi rst-order (a) and pseudo-second-order (b) 
kinetics for adsorption of the RB onto ZnFe-NC 
(experimental conditions: T = 20oC, pH = 7)

Figure 6. The effect of initial dye concentration on adsorption 
capacity of the RB onto ZnFe-NC (experimental 
conditions: T = 20oC, pH = 7)

Figure 5. FTIR spectra of ZnFe-NC

The specifi c surface area calculated with the BET equ-
ation was 139 m2g–1. The point of zero charge is the pH 
value at which the amount of acidic and basic functional 
groups is equal. In Figure 10 the plot of ∆pH = pHinitial-
-pHfi nal versus pHinitial is showed. Based on this plot, the 
pHpzc of ZnFe-NC was found to be 8.5.

Eff ect of initial dye concentration
Figure 6 shows the effect of the initial dye concentration 

on the amount of RB adsorbed by ZnFe-NC at pH 7.0 
and at 20oC. As shown, the adsorption increases with 
increasing initial dye concentration. When the initial RB 
concentration varied from 5 to 25 mg L–1, the adsorption 
capacity increased from 5.02 to 9.83 mg g–1.

To examine the mechanism of the adsorption process, 
three kinetic models including the pseudo-fi rst-order, 
pseudo-second-order and intraparticle diffusion model, 
are used to test experimental data. The pseudo-fi rst-order 
kinetic model (Eq. 3) and pseudo-second-order kinetic 
model (Eq. 4) are given by the following equations37:
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with increasing the initial dye concentration (Table 1), 
which reveals that the rate of adsorption is governed 
by the diffusion of adsorbed dye within the pores of 
adsorbent39. Additionally, the constant C increases with 
increasing the initial dye concentration indicating the 
increase in thickness of the boundary layer and decrease 
of the chance of the external mass transfer and hence 
increase of the chance of internal mass transfer40.

Adsorption isotherms
Langmuir and Freundlich isotherm models were 

employed to investigate the adsorption process. The 
application of the Langmuir isotherm model is based 
on monolayer coverage of adsorbent surfaces by the 
adsorbate. The Freundlich isotherm model is an empi-
rical equation based on the multilayer adsorption of an 
adsorbate onto heterogeneous surfaces.

The linear form of Langmuir isotherm model is given 
by the following equation41:

 (6)

where QO (mg g–1) is the monolayer adsorption capacity 
and b (L mg–1) is a constant related to energy of ad-
sorption. The values of QO and b were calculated from 
the slope and intercept of the linear plot Ce/qe versus Ce 
(Fig. 9a). The essential characteristics of the Langmuir 
isotherm can be expressed in terms of dimensionless 
equilibrium parameter (RL), which is defi ned by the 
following equation:

 (7)

where b (L mg–1) is the Langmuir constant and CO 
(mg L–1) is the highest initial concentration of the adsor-
bate. The value of RL indicates the type of the isotherm 
to be either unfavorable (RL > 1), linear (RL = 1), 
favorable (0 < RL < 1) or irreversible (RL = 0).

The Freundlich adsorption isotherm model is expressed 
by equation as42:

 (8)

The linearized-integral form of the Freundlich equation 
is represented by:

 (9)

where KF (mg g–1(L mg–1)1/n) and n are Freundlich 
constants, which represent adsorption capacity and 
adsorption strength, respectively. The values of KF and 
n were calculated from the slope and intercept of the 
linear plot ln qe versus ln Ce (Fig. 9b). The value of 

Kinetic constants obtained by linear regression for 
the models and the correlation coeffi cients R2 were 
summarized in in Table 1. Although the R2 values for 
the pseudo-fi rst-order kinetic model were relatively high 
(R2 = 0.8974  0.9861) for initial concentration of 5–25 
mg L-1, the experimental qe,exp values did not agree with 
the calculated qe,cal values obtained from the linear plots. 
The correlation coeffi cient values R2 for the pseudo-
-second-order kinetic model were almost equal to unity 
(R2 = 0.9990  0.9998) for all initial dye concentrations 
studied. Moreover the calculated qe,cal values agree 
with the experimental data qe,exp. This reveals that the 
adsorption of RB onto ZnFe-NC follows the pseudo-
-second-order kinetic model. The similar phenomena 
have also been observed in adsorption of Rhodamine B 
from aqueous solution onto sodium montmorillonite13, 
onto walnut shells16 and onto graphene nanocomposite17.

The intraparticle diffusion equation is expressed as38:

 (5)

where C (mg g–1) is the boundary layer thickness and 
kp (mg g−1 min−0.5) is the intraparticle diffusion rate 
constant. If the regression of qt versus t0.5 is linear and 
passes through the origin, then intraparticle diffusion is 
the sole rate-limiting step. From Figure 8, which shows 
the plot of the intraparticle diffusion model, it was noted 
that two linear portions occur. The fi rst sharper portion 
is the mass transfer of solute molecules from the bulk 
solution to the adsorbent surface. The second portion 
is the gradual adsorption stage, wherein intraparticle 
diffusion is rate limiting. As can be seen from Figure 8, 
the linear portions of the intraparticle region do not 
pass through origin in any of the plots indicating that 
while intraparticle diffusion is involved, it is not the 
only rate-limiting mechanism. The kp value increases 

Table 1. Comparison of the pseudo-fi rst-order, pseudo-second-order and the intraparticle diffusion models for different initial 
concentrations of RB at 20oC

Figure 8. Intraparticle diffusion model of adsorption RB 
onto ZnFe-NC (experimental conditions: T = 20oC, 
pH = 7)
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n ranging from 1 to 10 indicated that the adsorption 
process is favourable.

Table 2 summarizes all the constants and correlation 
coeffi cient R2 values obtained from the isotherm mo-
dels. The correlation coeffi cient value for the Langmuir 
isotherm was greater than for the Freundlich isotherm. 
This showed that the Langmuir isotherm model fi tted 
the experimental data better than the Freundlich mo-
del. The RL value was in the range of 0–1, meanwhile, 
n for Freundlich isotherm was greater than 1, indica-
ting on favourable adsorption of RB onto ZnFe-NC 
under conditions applied in this study. The maximum 
adsorption capacity QO determined from the Langmuir 
isotherm was 12.1 mg g–1. Table 3 lists the comparison 
of maximum monolayer adsorption capacity of RB onto 
various adsorbents.

Eff ect of initial pH
The effect of initial pH on adsorption capacity at equi-

librium of RB was studied by varying the pH of the dye 
solution from 3.4 to 11.1 for an initial concentration of 
5 mg L–1 and at 20o (Fig. 10). Additionally, in Figure 10, 
the plot of ∆pH versus pHinitial is showed.

Based on this plot, the pHpzc of ZnFe-NC was found 
to be 8.5, at which the surface of adsorbent has zero 
net charge (neutral). At pH<pHpzc, ZnFe-NC surface 
is positively charged, favoring the adsorption of an-

ionic dyes due to increased of electrostatic interactions 
whereas at pH>pHpzc ZnFe-NC surface is negatively 
charged, favoring the adsorption of cationic dyes. At 
pH values lower than 4, the RB ions are of cationic 
and monomeric molecular form (Fig. 1a). Thus, at pH 
3.4 (5.31 mg g–1), a signifi cantly high electrostatic repul-
sion force exist between the positively charged surface 
of the adsorbent and positively charged RB. As the pH 
of the dye solution increases, the number of positively 
charged sites on ZnFe-NC decreases and the number 
of negatively charged sites increases. Therefore, when 
the pH was increased from 3.4 to 4.4, the adsorption 
capacity at equilibrium of RB increased from 5.31 to 
6.02 mg g–1. However, as it can be seen in Figure 10 
with a further increase of pH from 4.4 to 11.1, the 
adsorption capacity of RB decreased from 6.02 to 3.20 
mg g–1. At pH values higher than 4.4, the decrease of 
adsorption capacity may be due to the aggregation of 
RB to form a larger molecular form as dimer. When 
solution pH increased above 4.0, the carboxyl group 
gets ionized and the zwitterionic form of RB is formed 
(Fig. 1b). The zwitterionic form of RB may increase 
the aggregation of RB to form a bigger molecular form 
(dimer) and become unable to enter into the pore. The 
greater aggregation of the zwitterionic form is due to the 
attractive electrostatic interactions between the carboxyl 
and xanthene groups of the monomers14. When the pH 
is higher than 7.0, excessive OH– ions compete with 
R-COO– in binding with R-N+ and the aggregation of 
RB decreases37. Thus, when the initial pH of the dye 
solution increases from 7.0 to 11.1 more molecules of 
RB exist mainly in the anionic form. At pHpzc (8.5) 
the number of positive and negative surface functional 
groups is equal and the positively charged sites on the 
ZnFe-NC favor the adsorption of anionic form of RB 
due to the electrostatic attraction. However, when the 
pH of the dye solution increases above 8.5, the numer 
of positively charged sites on surface of the adsorbent 
decreases and increase the repulsive electrostatic forces 

Table 2. Langmuir and Freundlich parameters for the adsorption of the RB onto ZnFe_NC at 20oC

Figure 10. The pHpzc of ZnFe-NC and the eff ect of initial pH 
of dye solution on adsorption capacity of the RB onto 
ZnFe-NC (experimental conditions: CORB = 5 mg L–1, 
T = 20oC)

Figure 9. Langmuir (a) and  Freundlich (b) isotherms for RB 
adsorption onto ZnFe-NC
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between the negatively charged surface of the adsorbent 
and negatively charged dye molecules, which does not 
favor the adsorption of RB onto ZnFe-NC.

Eff ect of temperature
Figure 11a shows the relationship between the tempera-

ture and the adsorption capacity of RB onto ZnFe-NC. 

With increasing temperature from 20oC to 60oC, the 
adsorption capacity increased from 5.02 to 6.62 mg g–1, 
indicating that the adsorption process is endothermic. 
Thermodynamic parameters such as a change in free 
energy (ΔGO), enthalpy (ΔHO) and entropy (ΔSO), were 
determined using following equations:

 (10)

 (11)

 (12)

where T (K) is the solution temperature, Ka is the 
adsorption equilibrium constant. Enthalpy (∆HO) and 
entropy (∆SO) were calculated from the slope and in-
tercept from the plot of ln (qe/Ce) versus 1/T (Fig. 11b). 
The value of Gibbs free energy (∆GO) was calculated 
using Eq. 12. Thermodynamic parameters are given in 
Table 4. The positive value of ΔHO confi rmed that the 
adsorption process was endothermic. The positive value 
of ΔSO showed the increasing randomness at the solid-
solution interface during the adsorption of the RB onto 
ZnFe-NC. The ΔGO values were negative at all of the 
test temperatures, confi rming that the adsorption of RB 
onto ZnFe-NC was spontaneous and thermodynamically 
favorable. The extent of enthalpy ΔHO gave an idea about 
a type of adsorption which is mainly physical or chemi-
cal. Typically, the adsorption enthalpy of physisorption 
is lower than 40 kJ mol–1, while that of chemisorption 
may reach values between 40 and 120 kJ mol–1 58. In 
this study ΔHO the value was in the range of physisorp-
tion, indicating on the physical nature of the adsorption. 
Generally, the change in free energy for physisorption is 
between –20 and 0 kJ mol–1 and for chemisorption is in 
a range of –80 to –400 kJ mol–1 59. The values of ∆GO 
are within the range of –20 to 0 kJ mol–1, indicating on 
physisorption as predominant mechanism of the adsorp-
tion process. Similar results were also observed in the 
adsorption of Rhodamine B onto kaolinite18, adsorption 

Table 3. Comparison of the maximum monolayer adsorption of RB onto various adsorbents

Figure 11. a) Eff ect of temperature on adsorption of the RB onto 
ZnFe-NC (experimental conditions: CORB = 5 mg L–1, 
pH = 7). (b) Van’t Hoff  plot for the adsorption of the 
RB onto ZnFe-NC
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Table 4. Thermodynamic parameters for the adsorption of the RB onto ZnFe-NC

of Rhodamine B onto walnut shells16 and onto activated 
carbon prepared from bagasse pith14.

CONCLUSIONS

Removal of Rhodamine B (RB) from aqueous solution 
using magnetic ZnFe2O4 nanocomposite (ZnFe-NC) was 
investigated. The nanocomposite was synthesized using 
microwave assisted hydrothermal method. The prepared 
adsorbent can be easily separated from the medium after 
adsorption using an external magnetic fi eld.

The experimental data were analyzed using Langmuir 
and Freundlich isotherm models. The adsorption isotherm 
data were best fi tted to the Langmuir isotherm model 
with an maximum adsorption capacity of 12.1 mg g–1, 
which indicated monolayer sorption onto the homoge-
neous surface of the ZnFe-NC. The kinetic study of 
RB adsorption on ZnFe-NC was performed based on 
pseudo-fi rst-order, pseudo-second-order and intraparticle 
diffusion kinetic models. The data indicated that the ad-
sorption kinetics followed the pseudo-second-order rate 
with intraparticle diffusion as one of the rate determining 
steps. According to the thermodynamic parameters, the 
adsorption process of RB onto ZnFe-NC nanocomposite 
was spontaneous and endothermic.
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