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Abstract
The adsorption of acid red 88 (AR88) anionic dye onto ZnO/ZnMn2O4 nanocomposite (ZnMn-NC)
prepared by the hydrothermal method was carried out. The adsorbent was characterized by means of XRD,
SEM, HRTEM, Raman spectroscopy, FTIR, BET, and zeta potential measurements. We investigated the
influence of dye initial concentration, temperature, and pH on AR88 adsorption onto ZnMn-NC. Equilibrium data were analyzed by model equations such as Langmuir and Freundlich isotherms and were best
represented by the Freundlich isotherm model. The experimental kinetic data were analyzed using pseudo
first-order, pseudo second-order, and intraparticle diffusion kinetic models. The adsorption kinetics was best
fitted to the pseudo second-order kinetic model. Thermodynamic parameters, change in free energy ΔGº,
enthalpy ΔHº, and entropy ΔSº were also evaluated, indicating the spontaneous and exothermic character of
the adsorption of AR88 onto ZnMn-NC.

Keywords: adsorption, anionic dye, ZnMn2O4, kinetics, thermodynamics

Introduction
Dyes are synthetic organic compounds that are
increasingly being produced and used extensively in
the paper, leather, textile, plastic, cosmetic, and other
industries. Approximately 70,000 ton of dyestuffs are
discharged into waste streams each year by the textile
industry [1]. The presence of even very low concentrations

*e-mail: w.konicki@am.szczecin.pl

of dyes in water reduces light penetration through the water
surface, precluding photosynthesis of the aqueous flora.
Additionally, many dyes or their metabolites have toxic as
well as carcinogenic, mutagenic, and teratogenic effects
on aquatic life and humans. Hence, the removal of dyes
from aquatic wastewater has became environmentally
important.
Various methods including photocatalysis [2],
chemical oxidation [3], coagulation [4], electrochemical
[5], and adsorption [6] techniques have been applied
for the removal of dyes from aqueous solutions. Among
these methods, adsorption has been found to be superior
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compared to other techniques for wastewater treatment in
terms of its capability to efficiently remove a broad range
of pollutants and its simplicity of design. Many adsorbents
have been investigated regarding the possibility to lower
dye concentrations from such aqueous solutions such as
activated carbon [7], carbon nanotubes [8], nanocrystalline
magnetic composites [9], graphene [10], fly ash [6], and
others [11-13].
One of the most attractive materials is zinc
manganese oxide spinel ZnMn2O4, due to its various
unique electrochemical [14], photocatalytic [15], optical
[16], and magnetic [17] properties. Therefore, various
ZnMn2O4 nanomaterials with different morphologies
such as nanopowders, nanowires, hollow microspheres,
and ball-in-ball microspheres have been investigated for
application in lithium-ion batteries [18-20], heterogeneous
catalysis [21-23], gas sensing [24], and electronic
components such as supercapacitors [25] or negative
temperature coefficient thermistors [26]. However,
to date there have been no studies on the adsorption of
dyes onto ZnMn2O4 or ZnO/ZnMn2O4 nanocomposites.
Therefore, in the present study we focused our attention
on the adsorption of anionic dye acid red 88 onto ZnO/
ZnMn2O4 nanocomposite synthesized by a hydrothermal
method. AR88 was selected as an adsorbate for the
present study because it is widely used in dyeing textile
fabrics, silk, nylon, wool, and leather, and its degradation
byproducts have carcinogenic effects. The effects of initial
dye concentration, solution pH, and temperature on AR88
adsorption were investigated. The experimental data were
analyzed using the pseudo first-order, pseudo-secondorder and intraparticle diffusion kinetic models. Langmuir
and Freundlich isotherms were employed to quantify the
adsorption equilibrium. The thermodynamic parameters
of the process, such as enthalpy, entropy and Gibbs free
energy, were also determined.

Materials and Methods
Materials
The reactants used for the preparation of ZnMn-NC
nanocomposite (Zn(NO3)2·6H2O and Mn(NO3)2·4H2O
and KOH) were supplied by Chempur. Anionic dye
AR88 (C20H13N2NaO4S, molar mass 400.38) supplied by
Zachem Barwniki was used as an adsorbate. The chemical
structure of AR88 is shown in Fig. 1. All solutions were
prepared using deionized water.

Synthesis of ZnMn-NC
The ZnMn-NC nanocomposite was synthesized by the
microwave-assisted hydrothermal method. The nominal
concentration of ZnO was 30 wt.% (then 70 wt.% of MnO).
At first, a mixture of manganese and zinc hydroxides
was obtained by the addition of 2M solution of KOH to
20% solution of a proper amount of Zn(NO3)2·6H2O and
Mn(NO3)2·4H2O in water. Such a mixture was then treated

Fig. 1. Molecular structure of AR88.

in the solvothermal microwave reactor. The microwaveassisted synthesis was conducted at 3.8 MPa for 15 min.
Next, the obtained material was washed with deionized
water to remove salt residues. Finally, the material was
dried at 100ºC for 24 h.

Characterization Methods
X-ray diffraction (XRD) was conducted on an X’Pert
PRO Philips diffractometer using CuKα radiation. The
morphology of the ZnMn-NC was examined by scanning
electron microscopy (SEM) Zeiss Supra and highresolution transmission electron microscopy (HRTEM)
on the FEI Tecnai F20 S twin transmission electron
microscope. The specific surface area of the ZnMn-NC
was determined by the Brunauer-Emmett-Teller (BET)
method (nitrogen adsorption) using a Gemini 2360 from
Micromeritics. The functional groups on the ZnMn-NC
surface were determined using the Fourier transform
infrared (FTIR) method (Nicolet iS5 FT-IR Spectrometer,
Thermo Scientific). The zeta potential of the sample was
determined by a Malvern Instrument Zetasizer 2000 at
room temperature. The helium pycnometer AccuPyc 1330
of Micromeritics was applied to determine the density of
powder.

Adsorption Experiments
Adsorption experiments were carried out in an
Erlenmeyer flask, where the solution (200 mL) with an
initial dye concentration was placed. Initial concentrations
of AR88 varied from 10 to 50 mg L-1. The flask with
AR88 solution was sealed and placed in a temperaturecontrolled 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 were
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
40 mg of ZnMn-NC was added to the flask. At the end
of the equilibrium period 1 ml of aqueous sample was
taken from the solution, and the liquid was separated
from the adsorbent by centrifugation at 6,000 rpm for
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5 min. The determination of AR88 concentration was
done spectrophotometrically (GENESYS 10S UV-VIS
Spectrometer, Thermo Scientific) at maximum absorbance
λ = 505 nm.
The amount of AR88 adsorbed at equilibrium
qe (mg g-1) was calculated by the following equation:

(1)
…where CO (mg L-1) is the initial AR88 concentration,
Ce (mg L-1) the AR88 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 identical
to those of equilibrium tests. At predetermined moments,
aqueous samples were taken from the solution, the liquid
was separated from the adsorbent, and the concentration of
AR88 in solution was determined spectrophotometrically.
The amount of AR88 adsorbed at time t qt (mg g-1) was
calculated by the following equation:

(2)

Fig. 3. SEM image of ZnMn-NC.

nanocomposite was investigated using both transmission
and scanning electron microscopy. In the SEM image
(Fig. 3) only spherical agglomerates can be observed.
The agglomeration of the nanoparticles have made image
analysis difficult. However, one can suppose that spherical
nanocrystals corresponded to the spinel ZnMn2O4 phase.
TEM images (Figs 4a,b) have shown much more detail.

…where Ct (mg L-1) the AR88 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 coefficient
(R2).

Results and Discussion
Characterization of the Adsorbent
Fig. 2 shows the XRD pattern of ZnMn-NC
composites. The sample was composed from two phases:
ZnO and ZnMn2O4. The average crystallite size of ZnO
and ZnMn2O4 calculated by Scherrer equation was 99
and 27 nm, respectively. The morphology of ZnMn-NC

Fig. 2. X-ray diffraction pattern of ZnMn-NC.

Fig. 4. HRTEM (a, b) images of ZnMn-NC.
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Fig. 5. FTIR spectra of ZnMn-NC.

It can be clearly seen that spherical agglomerates were
made up of smaller crystallites. In addition, some much
larger crystallites can be observed, probably corresponding
to unreacted ZnO. The results of the Raman analysis of the
composites were presented elsewhere [27].
Fig. 5 shows the FTIR spectra of ZnMn-NC. The peak
at 423 cm-1 was assigned to Zn-O stretching vibration
[28]. The peaks at 530 and 633 cm-1 correspond to the
stretching vibration of Mn-O [29]. The peaks in the range
of 1,300-950 cm-1 proved the presence of C-O bonds in
various chemical surroundings [30]. In addition, the
peaks observed at 3,406 and 1,624 cm-1 were ascribed to
the stretching vibrations of O-H and the adsorbed water
molecules, respectively [31-32].
The BET specific surface area of ZnMn-NC was
25 m2g-1. The zeta potentials of ZnMn-NC were measured
in water solution at pH in the range 3.5-11.5, and decreased
from positive to negative values with increasing pH over
the whole studied range (Fig. 6). The pHpzc of ZnMnNC was determined as 9.7. The density of the ZnMn-NC
measured using a pycnometer was 4.73 g cm-3.

Effect of Initial Dye Concentration
Fig. 7 shows the effect of the initial dye concentration
on adsorption of the AR88 by ZnMn-NC at pH 7.0 and

Fig. 7. Effect of initial dye concentration on adsorption capacity
of AR88 onto ZnMn-NC. Experimental conditions: T = 30ºC,
pH = 7.

at 30ºC. Initially, the adsorption of AR88 was fast, and
then it became slower near the equilibrium. The fast
adsorption at the initial stage may be due to the fact that a
large number of surface sites are available for adsorption.
When the initial dye concentration varied from 10 to
50 mg L-1, the adsorption capacity at equilibrium increased
from 26.2 to 59.0 mg g-1. This indicates that the initial dye
concentration plays an important role in the adsorption
capacity of dye. A higher initial concentration provides an
important driving force to overcome all resistances of the
dye between the aqueous and solid phases, thus increasing
the uptake.

Kinetic Data Analysis
In this study, the adsorption equilibrium data were
analyzed using two kinetic models: pseudo first-order and
pseudo second-order. The pseudo first-order kinetic model
(Eq. 3) and pseudo second-order kinetic model (Eq. 4) are
given by the following equations [33]:
(3)

(4)

Fig. 6. Effect of pH on zeta potential of ZnMn-NC.

…where k1 (min-1) is the pseudo first-order rate constant
adsorption, t (min) time, and k2 (g mg-1 min-1) is the pseudo
second-order rate constant adsorption. Values of k1 and qe
were calculated from the linear plots of ln(qe-qt) versus
t. 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. 8). Kinetic constants
obtained by linear regression for the models and the
correlation coefficients R2 are listed in Table 1. The high
values of correlation coefficients R2 and good agreement
between experimental qe,exp and calculated qe,cal values
indicate that the adsorption system followed the pseudo
second-order kinetic model.
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Fig. 8. Pseudo second-order kinetics for adsorption of AR88
onto ZnMn-NC. Experimental conditions: T = 30ºC, pH = 7.

Fig. 9. Intraparticle diffusion model of adsorption of AR88 onto
ZnMn-NC. Experimental conditions: T = 30ºC, pH = 7.

Intraparticle Diffusion

correlation coefficients of the intraparticle diffusion model
are lower than those for the pseudo second-order kinetic
model for AR88. This would suggest a predominance
of the pseudo second-order adsorption mechanism and
a controlling of the overall rate of the dye adsorption
process by more than one step.

To further understand the adsorption of AR88 onto
ZnMn-NC, the kinetic behavior of the adsorption process
was further analyzed using the intraparticle diffusion
model. The intra-particle diffusion model is described as
[34]:
(5)
…where C (mg g-1) was the intercept and kp (mg g−1 min−0.5)
was the intraparticle diffusion rate constant. According
to Eq. (5), if the plot of qt versus t0.5 gave a straight line,
then the adsorption process was controlled by intraparticle
diffusion and if the data exhibited multi-linear plots, then
two or more steps controlled the adsorption process. As
shown in Fig. 9, the plots exhibited two linear sections
with different slopes, indicating on a two-stage diffusion
of AR88 onto ZnMn-NC. The first sharper portion was
attributed to the diffusion of dye through the solution
to the external surface of adsorbent. The second portion
described the gradual adsorption stage, where intraparticle
diffusion was rate limiting. Several previous investigations
have reported a similar type of plot [13, 35-36].
The values of kp and C were determined from the
slopes of the second linear portion (Table 1). The kp and
C values increased with the initial dye concentration. The

Adsorption Isotherms
The adsorption data were analyzed using Langmuir’s
and Freundlich’s models. The application of the Langmuir
isotherm model is based on monolayer coverage of
adsorbent surfaces by the adsorbate. The Freundlich
isotherm model is an empirical equation based on the
multilayer adsorption of an adsorbate onto heterogeneous surfaces. The well-known linear form of the
Langmuir isotherm model is given by the following
equation [37]:

(6)
…where QO (mg g-1) is the monolayer adsorption capacity
and b (L mg-1) is a constant related to energy of adsorption.
The values of QO and b were calculated from the slope and
intercept of the linear plot Ce/qe versus Ce. The essential
characteristics of the Langmuir isotherm can be expressed

Table 1. Comparison of pseudo first-order, pseudosecond-order, and the intraparticle diffusion models for different initial concentrations
of AR88 at 30ºC.
Co
(mg L-1)

qe,exp
(mg g-1)

10

Pseudo first-order model

Pseudo second-order model

Intraparticle diffusion model

k1
(min-1)

qe,cal
(mg g-1)

R2

k2
(g mg-1 min-1)

qe,cal
(mg g-1)

R2

kp
(mg g-1 min-0.5)

C
(mg g-1)

R2

26.2

0.0395

25.4

0.938

0.00180

30.5

0.998

1.3469

12.5

0.971

20

35.8

0.0293

20.0

0.927

0.00245

38.3

0.997

1.3562

21.3

0.980

30

46.0

0.0382

29.3

0.987

0.00194

50.3

0.999

1.3520

32.1

0.959

40

53.5

0.0368

32.9

0.850

0.00203

56.8

0.998

1.8548

34.2

0.986

50

59.0

0.0365

31.0

0.954

0.00208

62.5

0.998

2.0100

38.6

0.960
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(9)
…where KF (mg g-1(L mg-1)1/n) and n are Freundlich
constants that 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. The value of n ranging from 1 to 10
indicated that the adsorption process is favourable.
Fig. 10 shows the Langmuir and Freundlich isotherm
models for the adsorption of AR88 onto ZnMn-NC. The
calculated values of the constants and the correlation
coefficients R2 are given in Table 2. As can be seen,
the experimental data better fit the Freundlich model
(R2 = 0.990) than the Langmuir model (R2 = 0.975). The RL
value was in the range of 0-1, meanwhile, n for Freundlich
isotherm was greater than 1, indicating on favourable
adsorption of AR88 onto ZnMn-NC under conditions
applied in this study. The value of the maximum adsorption
capacity QO of ZnMn-NC in this study was 74.6 mg g-1.
Table 3 lists the comparison of maximum monolayer
adsorption capacity of AR88 onto various adsorbents.

Effect of Initial pH
The effect of initial solution pH on adsorption capacity
at equilibrium of AR88 onto ZnMn-NC was investigated
in the range of pH values from 4.0 to 10.0 at a fixed dyes
concentration of 30 mg L-1 and 30ºC (Fig. 11). When
the initial pH of the dye solution was increased from 4.0
to 10.0, the adsorption capacity decreased from 49.6 to
6.03 mg g-1. The pHpzc of ZnMn-NC was found to be
9.7, at which point the adsorbent is neutral. Adsorption
of cationic dyes was favored at pH>pHpzc, while the
adsorption of anionic dyes was favored at pH<pHpzc.
AR88 is anionic azo dye that contains one sulfonic
acid group (R-SO3Na). In aqueous solution, the dye
dissociates to the sodium ion (Na+) and the sulfonate anion
(R-SO3-). Therefore, the excess of protons enhances the
positive charge of the surface of adsorbent and favours
the electrostatic attraction of the dye anions. At acidic
pH, the sulfonic groups of dye can be protonated to the
neutral form (R-SO3H); however, sulfonic groups exhibit
negative charge even at higher acidic solutions due to
their pKa values lower than zero [47]. When the pH of
the dye solution increases, the number of positively
charged sites on surface of the adsorbent decreases
and increase the repulsive electrostatic forces between
the negatively charged surface of the adsorbent and
negatively charged dye molecules, which does not favor

Fig. 10. Langmuir a) and Freundlich b) isotherms for AR8
adsorption onto ZnMn-NC at 30ºC.

in terms of dimensionless equilibrium parameter (RL),
which is defined 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 adsorbate.
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 as [38]:
(8)
A linear form of the Freundlich expression is
represented by the following equation:

Table 2. Langmuir and Freundlich parameters for the adsorption of AR88 onto ZnMn-NC at 30ºC.
Langmuir isotherm

Freundlich isotherm

QO
(mg g-1)

b
(L mg-1)

RL

R2

KF
[(mg g-1)(L mg-1)1/n]

n

R2

74.6

0.087

0.19

0.975

13.7

2.51

0.990
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Table 3. Comparison of the maximum monolayer adsorption of
AR88 onto various adsorbents.
Adsorbent

QO (mg g-1)

Ref.

Bituminous coal

26.1

[39]

Lignite coal

30.09

[39]

Charfines

33.3

[39]

MMWCNTs

54.4

[40]

Azolla microphylla

54.89

[41]

ZnMn-NC

74.6

This study

Azolla rongpong

78.74

[42]

Azolla filiculoides

123.5

[43]

Anion exchange membrane

227.1

[44]

Calcined alunite

832.81

[45]

Natural clay

1,133.10

[46]

Fig. 12. Effect of temperature on adsorption of AR88 onto
ZnMn-NC. Experimental conditions: CºAR88 = 30 mg L-1, pH = 7.

(11)

the adsorption of AR88 onto ZnMn-NC. Therefore,
adsorption of AR88 on the ZnMn-NC surface was more
favorable at lower pH.

Effect of Temperature
The effect of temperature on the adsorption capacity of
AR88 onto ZnMn-NC was investigated at 20, 40, and 60ºC
(Fig. 12). It was observed that the adsorption equilibrium
of AR88 decreased with the increase in temperature,
indicating the exothermic behavior of adsorption.
Thermodynamic parameters such as a change in free
energy (ΔGº), enthalpy (ΔHº), and entropy (ΔSº) were
determined using the following equations [48]:

(10)

Fig. 11. The effect of initial pH of dye solution on adsorption
capacity of AR88 onto ZnMn-NC. Experimental conditions:
CºAR88 = 30 mg L-1, T = 30ºC.

(12)
…where T (K) is the solution temperature and Ka is
the adsorption equilibrium constant. Enthalpy (∆H°)
and entropy (∆S°) were calculated from the slope and
intercept from the plot of ln qe/Ce versus 1/T (Fig. 13).
The value of Gibbs free energy (∆G°) was calculated
using Eq. 12. Thermodynamic parameters are given
in Table 4. The negative value of ΔH° indicated the
exothermic nature of the adsorption process. The negative
value of ΔS° showed the decreased randomness at the
solid/solution interface during the adsorption of dye on
the active sites of the ZnMn-NC. The ΔG° values were
negative at all of the test temperatures, confirming that
the adsorption of AR88 onto ZnMn-NC was spontaneous
and thermodynamically favorable. The extent of enthalpy
ΔH° gave an idea about the type of adsorption, which is
mainly physical or chemical. Typically, the adsorption
enthalpy of physisorption is lower than 40 kJ mol-1, while
that of chemisorption may reach values between 40 and

Fig. 13. Van’t Hoff plot for the adsorption of AR88 onto ZnMnNC.
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Table 4. Thermodynamic parameters for the adsorption of AR88 onto ZnMn-NC.
Dye concentration
(mg L-1)

∆Hº
(kJ mol-1)

∆Sº
(J mol-1 K-1)

30

-17.3

-51.2

120 kJ mol-1 [49]. In this study, ΔHº value was in the
range of physisorption, indicating the physical nature of
the adsorption. The interaction between AR88 and active
sites on the ZnMn-NC surface were mainly electrostatic.
Generally, the change in free energy for physisorption
is between -20 and 0 kJ mol-1 and for chemisorption is
in the range of -80 to -400 kJ mol-1 [50]. The values of
∆Gº are within the range of -20 to 0 kJ mol-1, indicating
physisorption as the predominant mechanism of the
adsorption process. These results were in agreement with
the finding reported by Amin [7], García et al. [51],
Amrhar et al. [52], and Huang et al. [53].

∆Gº at temperature (ºC)
(kJ mol-1)

6.
7.

8.

9.

Conclusions
In this study we investigated the adsorption of anionic
dye AR88 from aqueous solution onto ZnO/ZnMn2O4
(ZnMn-NC) nanocomposites. The kinetic study was
performed based on pseudo first-order, pseudo secondorder, and intraparticle diffusion kinetic models. The data
indicated on the pseudo second-order kinetic model of
adsorption kinetics. The adsorption data were analyzed
using Langmuir and Freundlich isotherm models. The
adsorption data fit the Freundlich isotherm model well.
The maximum adsorption capacity calculated from
the Langmuir isotherm was 74.6 mg g-1. The
thermodynamic parameters showed that the adsorption
process of AR88 onto ZnMn-NC was exothermic in nature
and spontaneous. The values of ΔHº and ∆Gº suggested
that the adsorption of AR88 onto ZnMn-NC was a
physisorption process.

10.

11.
12.
13.
14.

15.
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