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1. Introduction 

    In recent years, increasing concern for public health and environmental quality has led to a 

growth of special interest in developing and implementing various methods of removing 

potentially toxic organic and inorganic pollutants from water [1]. Dyes from a wide variety of 

sources, such as textiles, printing, dyeing, dyestuff manufacturing and food plants, are major 

sources of environmental pollution and recognized as difficult-to-treat pollutants [2]. There 

exist various classes of dyes, like azo, reactive, acidic, basic, neutral, disperse and direct dyes 

    In this paper, nano-spinel ZnCo2O4 was demonstrated excellent 

adsorption efficiency towards reactive black 5 (RB5) as a reactive 

dye in aqueous solution. The adsorption studies were carried out at 

different values of pH, contact time, adsorbent dosages, 

temperatures and dye concentrations. The investigation of removal 

kinetics of RB5 indicates that the removal process obeys the rate of 

second-order kinetic equation. The results indicate that the 

Langmuir adsorption isotherm fitted the data better than the 

Freundlich. Finally, the photocatalytic degradation of RB5 was 

examined. The results of experimental showed that the degradation 

of RB5 dye follows only an adsorption process. 
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[3-5]. The presence of dyes in water reduces light penetration and hinders photosynthesis in 

plants [6]. Some dyes and their degradation products in surface water are reported to be 

highly carcinogenic [7]. It is, therefore, essential to treat the dye effluents prior to their 

discharge into the receiving water. Recently, different methods dealing with treatment of 

textile wastewater like conventional methods including physico-chemical treatment [8], 

biological oxidation [9], adsorption [10], chemical oxidation [11], ozonation [12], 

electrochemical degradation [13], coagulation and membrane treatments [14], have been 

investigated.  

    Several types of natural and synthetic adsorbents have been evaluated for the removal of 

dyes from colored water and wastewater [15]. Among these materials, spinel compound is 

one of the most widely studied and used adsorbents for environmental pollution control. 

Spinel compounds have a general formula AB2O4, could be considered as an 

adsorbent/catalyst material for the removal of dyes. Spinels are attractive subjects for 

continuous scientific interest and have been deeply investigated in material science because 

of their physico-chemical properties [16].  

    Gao et al. synthesized magnetic mesoporous spinel NiFe2O4 of high surface area by a 

facile oxalate decomposition process [17]. The mesoporous material showed good adsorptive 

property for the mesoporous material showed good adsorptive property for adsorbent to treat 

AO7 contained wastewater. Photocatalytic degradation processes have been widely applied 

as techniques of destruction of organic pollutants in wastewater and effluents. Wu et al. [18] 

evaluated the effectiveness of magnetic ferrite CuFe2O4 powder as an adsorbent/catalyst 

material for the removal of azo-dye acid red B (ARB). They showed magnetic CuFe2O4 

powder processes the excellent adsorptive properties towards azo-dye ARB at pH< 5.5. This 

study has investigated the efficiency of nanospinels, ZnCo2O4, as an adsorbent for removal of 

azo dye, reactive black 5 (RB5), from an aqueous solution. The effect of different variables 

including contact time, pH, temperature, and dosage of adsorbent was evaluated. Two kinetic 

models were also analyzed for the removal of RB5 on ZnCo2O4 nanoparticles. The last aim of 

the present study is to investigate the photocatalytic decomposition of RB5 in water over 

ZnCo2O4 nanoparticles. 
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2. Experimental procedure 

2.1. Preparation of nanospinel 

   For the preparation of the nanospinel ZnCo2O4, in this work, the powders of  Co 

(NO3)2.4H2O (0.01 mol, 4.0 g) and Zn (NO3)2.6H2O (0.005 mol, 1.5 g), were dissolved in 35 

ml of ethanol and then was added 15 ml to solution included 2:1 mol oxalic acid in ethanol.    

    The mixture was stirred for 18 h at room temperature which led to the formation of a sol 

and then evaporated at 70 ºC for 2 h under constant stirring until gel was formed. A viscous 

gel was obtained which dried at 120 °C and was calcined at 600 ºC for 4 h for obtaining the 

well-crystallized spinel. 

The decomposition and reaction processes of the dried polymeric gel were analyzed by 

differential thermal analysis DTA, using a NETZSCH, Germany, in the temperature range 

from room temperature to 1000 °C, in air with a heating rate of 10 °C/min.  

The nanoparticles were characterized by XRD employing a scanning rate of 0.02 s
-1

 in a 

2θ range from 0° to 70°, using a X́ pert, 200, Philips, the Netherlands, equipped with CuKα 

radiation. The data were analyzed using JCPDS standards.  

The complex polymeric gel and derived powders were also analyzed by Fourier transform 

infrared (FTIR) spectroscopy on thermo Nicollet Nexus 870 FTIR spectrometer. The 

morphology and dimension of the nanoparticles were observed by transmission electron 

microscope which was taken on a LEO 912 AB transmission electron microscope using an 

accelerating voltage of 120 kV.  

2.2. Dye removal experiments 

    The commercial color index (CI) reactive dye was used without further purification (Table 

1). The synthetic of dye solution was distributed into different flasks (1 L capacity) and pH 

was adjusted with the help of the pH meter (HOBIRA D14E). The initial RB5 dye 

concentration in each sample was 50 mgL
−1

 after adding 0.01 g of catalyst in 10 ml of the 

sample. All experiments were conducted at 25
 º
C and the pH values 1, 7 and 11.  
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Table1. Molecular structure of the studied dye. 

Dye Name Structure λ max (nm) Mw 

 

RB5 

 

Reactive Black 5 

  

598 

 

991.82 

 

3. Results and discussion 

3.1. Thermal analysis 

    Figure 1 shows the DTA curve of the ZnCo2O4 gel precursor obtained by the sol-gel 

method. The DTA curve shows a large endothermic peak around 150 °C which is assigned to 

the evaporation of ethanol. The exothermic peak around 320 °C might be due to the 

combustion of the organic compounds such as oxalic acid and residual ethanol. The small 

exothermic peak at 410 °C can be attributed to the decomposition of nitrate which 

decomposes completely around 600 °C and results a large exothermic peak [19]. No obvious 

change was observed above 600 °C. Hence, it is plausible to conclude that the lowest 

calcinations temperature is about 600 °C. 

 

Figure 1. DTA curve of the ZnCo2O4 precursors obtained by the citric acid –metal nitrate polymerized complex. 

 

http://www.sigmaaldrich.com/catalog/product/sial/306452?lang=en&region=IR
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3.2. X-ray diffraction studies 

    Figure 2 shows the X-ray diffraction patterns using CuKα radiation from the spinel-type 

ZnCo2O4 formed when the gel was calcined at 600 °C for 4 h. The diffraction peaks at 2θ 

angels that appeared at 18.91, 29.05, 36.54, 38.19, 44.31, 55.00, 58.75 and 64.32° can be 

assigned to scattering from the (111), (220), (311), (222), (400), (422), (511) and (440) planes 

of the spinel crystal lattice, respectively. 

    The peaks of XRD spectrum confirm clearly that the phases belong to ZnCo2O4 and match 

well with the phase reported in the powder diffraction database [20]. The data of XRD shows 

ZnCo2O4 crystallizes in a cubic phase with a = 8.1700 Aº. The crystallite sizes were 

calculated from the XRD peak broadening of the (311) peak using the Scherer’s formula: 

                                
hklhkl

hklD




cos

9.0
                                                          (1) 

where Dhkl is the particle size perpendicular to the normal line of (hkl) plane, βhkl is the full 

width at half maximum, θhkl is the Bragg angle of (hkl) peak and λ is the wavelength of X-ray. 

The particle size of ZnCo2O4 nanoparticles calcinated at 600 °C is about 30 nm. 

 

Figure 2. XRD patterns of the ZnCo2O4 powders sintered at 600 °C. 

3.3. IR spectra of dried gel and annealed particles 

    The vibrations of ions in the crystal lattice are usually observed in the range of 400–700   

cm
-1

. Two main broad metal–oxygen bands are seen in the Far-IR spectra. The highest one, 

generally observed in 580 cm
-1

, corresponds to intrinsic stretching vibrations of the metal at 

the tetrahedral site (Td), Td , whereas the υ2, lowest band usually observed in 470 cm
-1 
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which is assigned to octahedral metal stretching (Oh), Oh  (Fig. 3a) [21]. The FTIR 

spectrum (Fig. 3b) reveals that the vibration band of C  bond shifts from 1110 cm
-1

 for 

pure oxalic acid to 1085 cm
-1

 for the ZnCo2O4 nanoparticles which indicate that the oxygen 

atom from C  bond coordinates with the metal on the surface of ZnCo2O4 nanoparticles 

[22]. The surfactant molecules in the adsorbed state are influenced by the field of solid-state 

surface. As a result, the characteristic bands shift to the lower frequency regions. 

    The surfactant has a coordination bond or strong interaction with nanoparticles and thus 

kinetically controls the growth rates of various faces of crystals and it can control the 

morphology.  

 

 

Figure 3.  (a) Far-IR spectrum and (b) FTIR spectrum of ZnCo2O4 

3.4. Powder morphology 

    The size of spinel particles was evaluated and conformed by TEM. Figure 4 shows 

representative TEM image of ZnCo2O4. The image of the sample which calcined at 600 °C 

consists of particles ranging in size of about 30 nm. As the TEM images show, the 

morphology of nanoparticles is homogeneous [23].  
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Figure 4. TEM micrograph of ZnCo2O4 nanoparticles obtained at 600 °C for 4 h with different magnifications. 

3.5. Dye removal by ZnCo2O4 nanoparticles 

    The efficiency of prepared and characterized ZnCo2O4 nanoparticles as an adsorbent for 

removal of RB5 dye from liquid solutions was investigated using a batch equilibrium 

technique placing different amount of adsorbent in a glass bottle concentrations. The 

adsorption studies have been carried out for different pH values, contact time, different 

temperatures and adsorbent doses. 

3.6. Effect of pH 

    Since the solution pH is an important parameter on removal dye molecules [24]. The initial 

pH of the solution has been changed in the range of 1-11 with a stirring time of 10 min. The 

initial concentrations of dye and adsorbent dosage were set at 50 mg/L and 0.01 g, 

respectively. The percentage of dye removal is defined as:     

                          100
)(

%rateRemoval 



o

o

C

tCC
                                                           (2) 

    where Co and C(t) are the initial concentration and concentration of RB5 dye at time t, 

respectively. The removal of RB5 dye above 94 % was achieved at pH = 1. So this pH was 

selected to run further experiments (Fig. 5) 
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Figure 5. Effect of pH on removal of RB5. Experimental conditions: mass of adsorbent, 0.01 g; initial dye 

concentration, 50 mgL-1; volume of dye solution, 10 ml; temperature, 25 ºC; time, 10 min. 

3.7. The effect of temperature 

    The removal of RB5 by ZnCo2O4 nanoparticles was carried out at 15 °C, 25 °C, 35 °C and     

45 °C. Increasing temperatures from 15 °C to 45 °C eventuate to increase in the percentage of 

removal rate from 87.8 to 96 %, respectively. Accordingly, the adsorption of RB5 using 

nanoparticles is controlled by kinetically process (Fig. 6). 

 

Figure 6. Effect of temperature of RB5 adsorption onto of ZnCo2O4. Experimental conditions: mass of 

adsorbent, 0.01 g; initial dye concentration, 50 mgL-1; volume of dye solution, 10 ml; and pH = 1. 

3.8. The effect of contact time 

    The effect of contact time on the removal of RB5 by ZnCo2O4 nanospinels shows that 

decrease in the concentration of RB5 dye with time is due to the adsorption of dye on 

ZnCo2O4 nanoparticles [25] (Fig. 7). 
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Figure 7. Effect of stirring time on removal of RB5. Experimental conditions: mass of adsorbent, 0.01 g; 

initial dye concentration, 50 mgL-1; volume of dye solution, 10 ml; temperature, 25 ºC; and pH = 1. 

3.9. The effect of ZnCo2O4 dosage 

    The effect of ZnCo2O4 quantity on removal of RB5 dye was investigated in batch 

experiments by adding various dosage of adsorbent in 0.01, 0.02 and 0.03 g. The results 

showed that as the adsorbent dose increases, the percentage removal of RB5 dye also 

increases. This is due to increase the number of contact points in the adsorbent (Fig. 8). 

 

Figure 8. Effect of adsorbent dosage of RB5 adsorption onto of ZnCo2O4. Experimental conditions: initial 

dye concentration, 50 mgL-1; volume of dye solution, 10 ml; temperature, 25 ºC; and pH = 1. 

3.8. Chemical kinetic removal models 

    The first-order (Eq. 3) [26] and second-order model (Eq. 4) [27] were provided to test 

experimental data and to find a suitable chemical removal model for describing experimental 

data , the obtained data were fitted into the first and second-order models: 
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The first-order equation:                               ln C(t) = ln Co− k1t                          (3) 

The second-order equation:                          
oC

tk
tC

1

)(

1
2                               (4) 

    where k1 and k2 are the first-order and second-order rate constant, respectively. Co stands 

for the initial RB5 concentration and C(t) is the concentration of RB5 at time t. The 

correlation factor (R
2
) for the second-order (Fig. 9) is 0.98 which is higher than that of the 

first-order model. The results of experimental for the two models show that the removal of 

RB5 dye is done in second-order kinetic with rate constant of 0.005 M
-1

min
-1

. 

 

Figure 9. The second-order model. Experimental conditions: mass of adsorbent, 0.01 g; initial dye 

concentration, 50 mgL-1; volume of dye solution, 10 ml; temperature, 25 ºC and pH = 1. 

3.9. Adsorption isotherms 

    The equilibrium adsorption isotherm model, which is the number of mg adsorbed per gram 

of adsorbent (qe) versus the equilibrium concentration of adsorbate, Ce is fundamental in 

describing the interactive behavior between adsorbate and adsorbent. Analysis of isotherm 

data is so important to predict the adsorption capacity of the adsorbent, which is one of the 

main parameters required for designing the adsorption system [28]. The equilibrium 

adsorption isotherm data of RB5 onto adsorbent was analyzed by the Langmuir and 

Freundlich isotherm models. The amount of dye adsorbed onto ZnCo2O4 nanoparticles has 

been calculated based on the following mass balance equation as: 

m

CCV
q

eo

e

)( 
                     (5) 

 where qe is the adsorption capacity (mg dye adsorbed onto the mass unit of ZnCo2O4, 

mgg
−1

), V is the volume of the dye solution (L), Co and Ce (mgL
−1

) are initial and equilibrium 

dye concentrations, and m (g) is the mass of ZnCo2O4 powder added. For the equilibrium 

y = 0.0054x + 0.2906

R
2
 = 0.984
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concentration of adsorbate (Ce) and the value adsorbed at the equilibrium (qe), the following 

were used forms of the Langmuir (Eq. 6) [29] and Freundlich (Eq. 7) [30] adsorption 

isotherm equations:  

maxmax

1

q

C

bqq

C e

e

e                                                               (6) 

eFe C
n

Kq log
1

loglog                                               (7) 

where the qmax (mg g
−1

) is the surface concentration at mono layer coverage in Langmuir 

model that represents the maximum amount of qe. The b parameter is a coefficient related to 

the energy of adsorption and it increases with increasing strength of the adsorption bond. The 

values of qmax and b can be determined from the linear regression plot of (Ce/qe) versus Ce. 

The parameters of the Langmuir equation in this work, namely qmax and b are 125 mg/g and 

0.347 L/mg, respectively. KF and n are constants of the Freundlich equation. The constant KF 

represents the capacity of the adsorbent for the adsorbate and n is related to the adsorption 

distribution. A linear regression plot of log qe versus log Ce gives the KF and n values that 

lead to obtained values 1.070 and 3.448, respectively. As Figure 10 (a-b) shows, the value of 

correlation coefficient (R
2
) for Langmuir isotherm is greater than that of the Freundlich 

isotherm for the adsorption of the dye. This indicates that Langmuir model can describe the 

adsorption of RB5 dye on ZnCo2O4 nanospinels better than the Freundlich model, and the dye 

adsorption occurs as a monolayer onto the homogenous adsorbent surface. 

 

Figure 10. The plot of linearized form of (a) the Langmuir isotherm (b) the Freundlich isotherm. 

Experimental conditions: mass of adsorbent, 0.01 g; initial dye concentration, 25, 50, 75, 100, 150 mg   L-1; 

volume of dye solution, 10 ml; temperature, 25 ºC; and pH = 1. 
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 3.10. Photocatalytic activity measurement 

    For the photocatalytic activity measurement, three comparison experiments were 

performed under the same Conditions, firstly in the presence of catalyst and UV irradiation , 

secondly in the absence of  ZnCo2O4 catalyst, and thirdly  in the dark (Table 2). Since some 

dyes are degraded by direct UV irradiation [31], it should be examined to what extent RB5 is 

photolyzed if no photo catalyst was used. In the absence of nanospinels, degradation rates of 

RB5 under direct UV radiation is only 10 % in 10 min. Obviously the simultaneous 

utilization of UV irradiation and catalyst could increase the degradation rate of RB5 so that 

94 % of RB5 is removed within 1 min. In the presence of catalyst without UV irradiation, the 

concentration of RB5 decreases quickly at the beginning, and then reaches to a saturation 

value which is due to adsorption of dye molecules on the surface of nanoparticles. Hence, 

ZnCo2O4 nanospinels cannot act as photo catalysts for the degradation of RB5 in an aqueous 

solution. The degradation is merely an adsorption process. 

 

Table 2. The percentage removal rate of RB5 solution at different conditions. 

t (min) 1 3 5 7 10 

ZnCo2O4 + UV irradiation 94 94.6 95 95.2 95.6 

ZnCo2O4 93.2 93.4 93.8 94 94.2 

UV irradiation 2.6 4 6 8.2 10 

 

3.4. Thermodynamic parameters 

    The thermodynamic parameters such as the enthalpy change, ΔH
o
, and entropy change, 

ΔS
o
, were estimated at different temperatures according to below equation: 

 

(8) 

 

 

    where Kd is the distribution coefficient (Kd=qe/Ce), T is the temperature (K), and R is the 

gas constant (8.3145 J mol
-1

 K
-1

). The slope and intercept of the plot of lnKd versus 1/T gives 

the ΔH
o 
and

 
ΔS

o
, respectively.  

RT

H

R

S
Kd

 



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    Furthermore, the values of the standard Gibbs energy change, ΔG
o
, were calculated using 

the following equation: 

                                        (9)                                                   
                                                                                               

 

 

    Table 3 shows the standard Gibbs energy change of the RB5 onto ZnCo2O4. The negative 

values of the standard Gibbs free energy at various temperatures indicate the spontaneous 

nature of the adsorption of RB5 from aqueous solutions by ZnCo2O4 [32]. The positive 

values of ΔH
o
 (136.07 kJ mol

-1
) suggest the adsorption is an endothermic process. The 

positive values of ΔS
o 

(451.16 J K
-1

 mol
-1

) reflect the increasing randomness at the 

solid/liquid interface during the adsorption of RB5 on the ZnCo2O4. 

 

Table 3.The standard Gibbs energy change for removal of RB5. 

 

 

 

 

 

 

4. Conclusions 

    Spinel ZnCo2O4 nanoparticles have been fabricated using by the thermal decomposition of   

Zn–Co gel prepared by sol–gel method in the presence of oxalic acid as a chelating agent.            

The particle size of nanoparticles is so small in comparison to those, prepared by 

conventional methods.  The adsorption studies have been carried out for contact time, 

different pH values, different temperatures, and adsorbent doses separately. ZnCo2O4 

nanoparticles have been also proven to removal azo-dye RB5 at pH= 1 effectively. The 

results show the ZnCo2O4 nanoparticles can effectively remove high concentrations of RB5 

dye molecules.  The second-order kinetic model is more successful in representing the 

experimental data for the removal of RB5 on ZnCo2O4 nanoparticles. The isotherm modeling 

reveals that Langmuir equation describes the adsorption of RB5 dye onto the ZnCo2O4 better 

than the Freundlich model. Experimental results of the photocatalytic decolorization of the 

T (
°
C) -∆G

°
(kJ mol

-1
) 

15 11.60 

25 16.55 

35 20.95 

45 26.05 

 STHG 
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azo-dye RB5 using ZnCo2O4 reveal that the decolorization can be achieved by an adsorption 

process.   
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