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Abstract 

Stacked layer structure of ZnFe2O4/Montmorillonite K10nanocomposite was prepared by co-

precipitation method and using eco-friendly adsorbent for the removal of MB dye from aqueous 

solution.  The resultant adsorbent was recycled and reused by sunlight illumination due to the 

photocatalytic properties of ZnFe2O4.The magnetic property of nanocomposite shows high magnetic 

saturation with super-paramagnetic nature, which makes an additional use for adsorbent separated from 

the dye suspension.Batch experiments were carried out under different conditions of initial dye 

concentration and contact time to investigate the adsorption capacities of ZnFe2O4/MMTK10 

nanocomposite towards MB.The adsorption isotherms were used to fit the experimental data. The 

obtained experimental results precisely fitted into Langmuir isothermwith maximum adsorption 

capacities of 218.3 mg g
-1

 for MB. Also, pseudo-first-order andpseudo-second-order kinetic models 

were applied, and the experimental data fitted the pseudo-second ordermodel (R
2
 = 0.9995). The 

combined magnetic and photo-induced recycling properties ofZnFe2O4/MMTK10 nanocomposite could 

be a promising approach to facilitate as adsorbent for the removal of MB dyes from aqueous solution.  
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1. Introduction 

Textile dyeing is the main source of polluting aspects of the global industry, devastating the 

environment, leading to severe health hazards  [1]. The colourful dyes used in clothes, faded our natural 

earth by production of more than 1 00 000 types of dyes in the market, and each year, about 7 00 000 

tons of dyes are prepared leading to severe water pollution [2-4]. The dyeing industry utilises around 93 

billion cubic meters of water annually. Intensive attention towards the necessity of zero water discharge 

from industries into the river has to be created. The development of various treatment processes 

including physical separation, chemical oxidation and biological degradation have been widely 

investigated to remove dyes from wastewaters. Traditionally, many methods have been practiced to 

remove the dyes from contaminated waters, which includes adsorption, membrane filtration, 

distillation,coagulation, oxidation, ion exchange, electrolysis, precipitation, photochemical degradation, 

and reverse osmosis [5-15].Apart from the aforementioned process, adsorption can be thought to be the 

most effective process for the treatment of wastewater due to its low-cost and ease of operation as well 

as greater efficiency [16].  

Adsorbent used in the adsorption process plays a vital role in the removal of dyes from 

wastewater. Many kinds of adsorbents were reported, for instance, activated carbon, zeolite, fly ash, 

clay, chitosan and by-products from juice processing [17-21]. The efficacy of the activated carbons 

offers an attractive option for the efficient removal of various organic contaminants from water due to 

their high surface area and porous structure. In contrast, their practice use on a large scale is limited by 

process engineering difficulties.  

In this perspective, considering the significance of non-conventional low-cost adsorbents for 

dye removal, clay minerals have been often used in the remove of organic dyes [22-24], due to their 

cost-effectiveness, process simplicity, high surface area, commercial availability, good efficiency, and 

eco-friendly nature [25, 26]. Nevertheless, these adsorbents suffer from common operational issues 
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such as reusability, stability in long-duration operations, and dye leaching after saturation. Clays were 

incorporated with different materials to overcome these operational issues. In this way, montmorillonite 

(MMT) clay improves the dye removal at a larger scale by enriching with nanoparticles. 

In recent research, nanoparticle adsorbents, such as MnO2, Fe3O4, TiO2, MnFe2O4, MFe2O4 [27-

31], etc., gain widespread recognition as a result of their smaller size, high surface-area-to-volume ratio 

and unique morphology. It is worthwhile to mention that nanoparticle adsorbents enhance the removal 

of metal ions and organic contamination from aqueous solutions. Moreover, for such an application, it 

is essential to use a method of purification that should be free from secondary pollution, materials that 

can be recycled and easily used on an industrial scale [32]. Magnetic separation is considered as a quick 

and effective technique for separating magnetic particles. It has been used for many applications in 

biochemistry, analytical chemistry, and mining ores. Recently, considerable attention has been focused 

on the development of magnetic separation to solve environmental problems [33-35]. Herein, to further 

stimulate the tendency of absorption a new kind of magnetic adsorbent, montmorillonite K10/ZnFe2O4 

nanocomposite, was developed for removal of dye in aqueous solution. Therefore, combinatorial 

methods of fabricating clay materials and magnetic particles can be promising adsorbent and open new 

possibilities for the achievement of desirable adsorption and effective magnetic separation. 

In this paper, ZnFe2O4/Montmorillonite K10 (MMT K10) nanocomposite prepared by 

hydrothermal method and used for removal of methylene blue (MB). The purpose of this work was to 

composite the MMT K10 with ZnFe2O4 and to compare the adsorption capacity of ZnFe2O4 and 

ZnFe2O4/MMT K10 nanocomposite. The adsorption kinetics and isotherms were further studied by 

fitting the experimental data with different models. In addition, the dye adsorbed ZnFe2O4/MMT K10 

nanocomposite can be reused and regenerated by means of photo induced process under sunlight 

irradiation. Interestingly, this method impresses very well the process of solvent extraction. Compared 

to conventional solvent extraction, the photo-induce regeneration of ZnFe2O4/MMT K10 
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nanocomposite has a simple green system and avoids the use of toxic solvent. Therefore, this study is 

believed to provide a new system for effective wastewater treatment.    

2. Experimental method 

2.1. Materials 

Iron (III) nitrate nonahydrate (Fe(NO3)3.9H2O, 99%), zinc nitrate hexahydrate Zn(NO3)2.6H2O, 

99%), and sodium hydroxide (NaOH) were purchased from Merck Co.  Montmorillonite K10 (Sigma-

Aldrich) and methylene blue (MB) (Sigma-Aldrich, C16H18ClN3S.3H2O, 373.9 g mol
−1

) were used as 

received without any further purification. 

2.2. Preparation of ZnFe2O4/montmorillonite K10 nanocomposite 

Magnetic ZnFe2O4/MMT K10 nanocomposite was prepared by a co-precipitation method [36]. 

1 mg of MMT K10 was added into 50 ml deionized water with ultrasonication to form a uniform 

dispersion.  0.1 M of Zn(NO3)2.6H2O and 0.2 M of Fe(NO3)2.9H2O were added into 30 ml of deionized 

water,  stirred for 10 min and added slowly into the above solution under stirring. The pH was adjusted 

to pH 9-10 using NaOH (3 mol L
-1

) solution and the solution was stirred for 5 h at 80 
°
C. After 

completing the reaction, the resulting precipitate sample was filtered and washed with deionized water 

and ethanol for a several times, dried under hot air oven at 80 ºC for 12 h. The final product was 

annealed at 500 ºC for 4 h under nitrogen atmosphere. For comparison, a similar procedure was used to 

prepare bare ZnFe2O4 without MMT/K10.  

2.3. Characterization of ZnFe2O4/MMT K10 nanocomposite 

X-ray diffraction (XRD) patterns were obtained using X-pert Pro’ PAnalytical powder X-ray 

diffractometer with Cu Kα radiation (λ= 0.1541 nm). The functional groups on the surface of the 

adsorbents were identified using Fourier transform infrared (FTIR) spectrometer (Jasco FT-IR-6600) in 

the wavelength range of 4000–400 cm
-1

. Sample morphologies and microstructures were characterized 

by scanning electron microscopy (SEM) [Carl Zeiss Ʃigma]. The diffuse reflectance spectra (DRS) 

were recorded using an UV−Vis spectrophotometer within a range of 200−800 nm.The magnetic 
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features of the synthesisedadsorbents were characterised using a vibrating samplemagnetometer (VSM, 

Princeton Measurements MicromagModel 3900); the field applied ranged from – 1T to 1T.  

The surface charges and Zeta potential of ZnFe2O4/MMT K10 nanocompositewas obtained using Zeta 

potential analyser (Malvern).  

2.4. Adsorption experiments 

The adsorption characteristics of ZnFe2O4 and ZnFe2O4/MMT K10 nanocomposite towards 

MBwere obtained through batch adsorption experiments conducted at their different initial 

concentrations (from 25 to 1000 mg L
-1

) at pH 7.  A series of experiments were conducted by adding 25 

mg of adsorbent to 25 ml of an aqueous solution of desired concentration containing MB followed by 

shaking at 60 rpm for 24 h using a rotary shaker until the equilibrium was reached.After that, the 

adsorbent was separated by centrifuging and filtration. The residual concentrations of MB are obtained 

using heights of maximum adsorption peaks of MB (662 nm) through UV-Vis analysis (Fig. 7). The 

equilibrium adsorption capacity (qe) was calculated as follows[37] 

𝑞𝑒 = (𝐶0 − 𝐶𝑒)
𝑉

𝑚
 (Eq.1) 

where qerepresents the adsorption capacity (mg g
-1

) at equilibrium. C0 and Ce are the initial and 

equilibrium concentration (mg L
-1

) ofdye, respectively; V and m are the volume of solution (mL) and 

mass of theadsorbent (g), respectively.Adsorption and kinetics experiments were performed at room 

temperature (25 °C) and pH 7. All the experiments were performed in triplicate. Data presented are the 

mean from three independent experiments and the error bars represent the standard deviation of 

triplicate measurements. The appropriateness of the fit was measured through correlation coefficient 

(R
2
) values. 

2.5. Kinetics experiments 

The rate of adsorption and the effect of contact time on MB adsorptions were quantified through 

kinetic tests. Furthermore, the kinetics of MB adsorptionson ZnFe2O4 and ZnFe2O4/MMT K10 

nanocompositeweretested by adding 25 mg of as-prepared ZnFe2O4 or ZnFe2O4/MMT K10 
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nanocomposite in 25 mL of MB (200 mg L
-1

) at room temperature. The analytes were extracted at 

various time intervals and diluted 100 times before the quantifying concentrations of MB through UV-

Vis analyses. The adsorbed quantity of MB/Rh B at time t was calculated (Eq. 2) as follows [37]:  

𝑞𝑡 = (𝐶0 − 𝐶𝑡)
𝑉

𝑚
(Eq. 2) 

where C0 (mg L
-1

) represents the initial concentration of MB Ct (mg L
-1

) indicates the concentration of 

MB at time t.V (L) and m (g) represent the volume of MB solution and weight of adsorbent 

(ZnFe2O4/MMT K10 nanocomposite), respectively.  

3. Results and discussion 

3.1 Structural and morphological studies 

The XRD patterns of the ZnFe2O4comparison with the ZnFe2O4/MMT K10nanocomposite is 

shown in Fig.1. Intense diffraction peaks of ZnFe2O4at 2θ = 30.1°, 35.5°, 43.2°, 53.3°, 57.11°, and 

62.5° wereascribed to the reflection of 220, 311, 400, 422, 511, and440 planes of ZnFe2O4, which were 

well-indexed to the cubicspinel structure (JCPDS card no. 22-1012) [38]. No other peaks related to the 

impurities were detected.The diffraction peaks at 8.6°,19.5°, 34.8°, and 45.17° corresponded to MMT 

K10, which were well matched with the reportedspectra (JCPDS file no. 29-1498) [39, 40]. Quartz is 

present in MMT K10, evidenced by thepattern at 20.5°, 26.3°, 49.9°, and 59.8° [41]. Fig. 1c shows the 

XRD patterns of the ZnFe2O4/MMT K10 nanocomposite. All characteristic diffraction peaksof 

ZnFe2O4 and MMT were indexed in the XRD patterns of ZnFe2O4/MMT K10 nanocomposite, which 

confirmed the presenceof ZnFe2O4 within the MMT K10 clay surface. The peak of ZnFe2O4 at 35.5°, 

presented beside the MMT K10 35.1° (110) peak in the spectra of ZnFe2O4/MMT K10 nanocomposite, 

indicated that the (110) plane of ZnFe2O4/MMT K10 became more disordered than that of MMT K10 

clay due to the loading of ZnFe2O4. More importantly, loading ZnFe2O4onto the MMT K10 changed 

the d001-value from 1.02 nm to 1.22 nm, indicating that exchangeable metal ions and interlayer water 

molecules were replaced by ZnFe2O4which intercalated into the silicate layers of MMT K10 during the 

synthesis procedure [42]. 
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Formation of the ZnFe2O4/MMT K10 nanocomposite was determined using FTIR spectroscopy. 

The comparison FTIR spectra with functional groups of zinc ferrite with the nanocomposite were 

shown in Fig.2. ZnFe2O4 exhibited two characteristic peaks at 588 and 416 cm
−1

, which were assigned 

to metal−oxygen intrinsic vibrations of tetrahedral and octahedral sites in the spinel ferrite structure, 

respectively [43, 44]. The characteristic strong peaks at 1,031, 798 and 520 cm
−1

 of MMT K10 are 

assigned to the stretching of Si–O and Si—O—Al, respectively [45, 46]. The absorption bands at 3423 

and 1630 cm
−1

 can be ascribed to the O—H stretching vibrations [47]. The shifting and lower intensity 

of the Si—O bands in the ZnFe2O4/MMT K10 nanocomposite, indicating that the Fe—O bonds may 

interact with the Si—O bonds on the surface of MMT K10. These results can be interpreted as being 

the consequence of Zn
2+

/Fe
3+

 exchanging the Al
3+

 groups of the crystal structure of the MMT K10 clay. 

The surface morphology, uniform distribution of ZnFe2O4 on the MMT K10 clay was explored 

using SEM and TEM (Fig.3). SEM image of the MMT K10 clay exhibited the irregular particles with 

agglomeration and heterogeneous sheet like structure in various sizes. For ZnFe2O4 (Fig. 3a), the 

aggregated nanofibrous structure with various size was clearly observed, which is due the magnetic 

properties of the synthesized zinc ferrite nanofibrous. The ZnFe2O4 nanofibrous have an average size of 

around 50 -100 nm. Fig. 3c&d shows the low and high magnification of ZnFe2O4/MMT K10 

nanocomposite. The ZnFe2O4 nanofibrous were distributed over exfoliated MMT K10 layers, creating 

void spaces. Further, the ZnFe2O4 nanofibrous seems to be closely anchored on the surface of 

exfoliated MMT K10, suggesting the strong interaction between ZnFe2O4 nanofibrous and MMT K10 

clay. Moreover, the nanofibrous were intensely bound to the MMT K10 clay due to the magnetic 

dipolar interactions among nanofibrous. The fibrous structure of ZnFe2O4 anchored nanocomposite is 

increase the surface area and aids the higher dye adsorption efficiency.  

Fig. 3e displays the TEM image of ZnFe2O4/MMT K10 nanocomposite with the increase of 

amount of loaded ZnFe2O4 nanofibrous. The observed result shows that ZnFe2O4 nanofibrous were 

homogenously distributed on the surfaces of MMT K10 clay with less agglomeration. In the EDX 
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analysis (Fig. 3f) of nanocomposite displays the presence of all elements of MMT K10 and ZnFe2O4. 

Also, the absence of exchangeable metal ions and reduction in the Al and Si content in the 

nanocomposite indicates that ZnFe2O4 nanofibrous was successfully intercalated into the MMT K10 

layers and simultaneously anchored on the surface of MMT K10 layers. This implies that 

ZnFe2O4/MMT K10 nanocomposite can be provide more surface area and enhance the dye adsorption 

capacity.  

3.2. Optical and magnetic properties 

The optical absorption properties of ZnFe2O4 and ZnFe2O4/MMT K10 nanocomposite were 

demonstrated in Fig.4a. UV-DRS spectra of ZnFe2O4/MMT K10 nanocomposite exhibited the 

continuous broad absorption (350 and 450 nm) with higher intensity than bare ZnFe2O4. The absorption 

intensity of ZnFe2O4/MMT K10 nanocomposite was enhanced in the visible light region, suggesting 

that the oxygen vacancies having a new donor energy level, which give the semiconductor with narrow 

band gap energy to enhance absorption of visible light. Moreover, the absorption edge of 

ZnFe2O4/MMT K10 nanocomposite was extended to above 750 nm. In addition, the band gaps of 

ZnFe2O4 and ZnFe2O4/MMT K10 nanocomposite was calculated from the Kubelka–Munk function, as 

shown in Fig. 4b. As, expected band gaps of ZnFe2O4 and ZnFe2O4/MMT K10 nanocomposite was 

measured to be about 2.04 eV and 1.98 eV, respectively.  

The magnetic property of the obtained samples was investigated using a vibrating sample 

magnetometer (VSM). Fig. 5 shows the room-temperature magnetization hysteresis loops of the 

ZnFe2O4/MMT K10 nanocomposite and pure ZnFe2O4. The saturation magnetization of the 

ZnFe2O4/MMT K10 nanocomposite is 39.6 emu/g, which is lower than that of pure ZnFe2O4 (67.4 

emu/g), mainly attributing to the presence of exfoliated MMT K10 clay. The both samples exhibited a 

typical hysteresis loop in their magnetic behaviour, indicating that both are soft and strong magnetic 

materials. The coercivity values obtained for the ZnFe2O4 and ZnFe2O4/MMT K10 magnetic materials 

are 22.8 and 67.3 Oe (inset left top Fig. 5). The results suggest that the ZnFe2O4/MMT K10 
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nanocomposite could be easily collected by an external magnetic field after being used (inset right 

bottom Fig. 5). 

The adsorption mechanism of MB can be explained based on the pH-dependent Zeta potential 

analyses of ZnFe2O4 and ZnFe2O4/MMT K10 nanocomposite as shown in Fig. S1. The isoelectric 

charge (pzc) of ZnFe2O4 and ZnFe2O4/MMT K10 nanocomposite were 5.01 and 4.45, respectively. The 

surface charge (Zeta potential) of ZnFe2O4/MMT K10 nanocomposite showed positive values at lower 

pH due to the protonation of surface functional groups and turned negative at higher pH due to 

deprotonation. Therefore, the surface of ZnFe2O4/MMT K10 nanocomposite was deprotonated at 

higher pH and became negatively charged receptors and electrostatically attracts more number of 

positively charged MB. As evidenced by surface Zeta potential, the negative surface charges of MMT 

K10 and ZnFe2O4/MMT K10 nanocomposite (Fig. S1) ensures the efficient adsorption of positively 

charged cationic. Their positive charges were concentrated on their sulphur (S) or nitrogen (N) atoms 

[48]. Hence, electrostatic interaction plays a key role in determining adsorption between 

ZnFe2O4/MMT K10 nanocomposite and cationic MB molecules. Also, with increasing initial pH, 

electrostatic forces are formed between the adsorbent surface and the dye molecules, which is due to 

the electrons present in the adsorbent surface and the cationic MB dye. Such reports have been 

presented in previous studies [49, 50]. 

3.3. Adsorption isotherms studies 

Adsorption isotherms provide valuable information about adsorption behaviour, surface 

properties and affinity of the dye toward the adsorbent. Fig. 6 shows the adsorption capacities of 

ZnFe2O4/MMT K10 nanocomposite were determined by conducting the adsorption experiment using 

different initial concentrations (25, 50, 75, 100, 250, 500, 750, and 1000 mg L
-1

) of MB aqueous 

solutions at room temperature, and results were compared with bare ZnFe2O4 nanoparticles. After the 

adsorption equilibrium, the concentration of remaining MB dye solution was obtained from UV-Vis 

analysis (Fig. 6) with 100 time dilution. The adsorption capacity was increased with increasing the 
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concentration of dye solution due to the ascribed to the extent of a driving force of concentration 

gradients with the increase in the dye concentration. The amount of dye adsorbed on the nanocomposite 

surface and the amount of dye remaining in the solution at a fixed pH can be evaluated by isotherms 

[51]. The equilibrium adsorption of the ZnFe2O4/MMT K10 nanocomposite was analyzed using 

Langmuir and Freundlich adsorption isotherms [52]. 

The Langmuir isotherm assumes that the monolayer of dye molecules is adsorbed at definite 

homogeneous sites on the surface of the adsorbent and that these sites cannot be further occupied by 

another dye molecule. The linear (Eq. (3)) and non-linear (Eq. (4)) forms of Langmuirequation [53]can 

be represented as follows: 

𝐶𝑒

𝑞𝑒
=  

1

𝐾𝐿
+ 

𝐶𝑒

𝑞𝑚𝑎𝑥
                                                             (𝐸𝑞. 3) 

𝑞𝑒 =  𝑞𝑚𝑎𝑥

𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
                                                     (𝐸𝑞. 4) 

where qe (mg g
-1

) and qmax (mg g-
1
) denotes the equilibrium and maximum monolayer adsorption 

capacity, respectively, and KL is the Langmuir constant. 

The Freundlich adsorption isotherm assumes that dye adsorption takes place at heterogeneous 

sites on the surface of the adsorbent and that the adsorption capacity of an adsorbent depends on the 

concentration of the dye. The Freundlich isotherm [54]can be written as follows (Eq. (5) and (6)): 

ln 𝑞𝑒 = ln 𝐾𝐹 +  
ln 𝐶𝑒

𝑛
 𝐸𝑞. 5  

𝑞𝑒 =  𝐾𝐹𝐶𝑒

1

𝑛                                                                          (𝐸𝑞. 6) 

where KF is the Freundlich constant which signifies the binding energy correlation between the 

adsorbate and the adsorbent, and n is the measure of the intensity of adsorption. 

Non-linear Langmuir and Freundlich isotherm models were fitted with experimental data using 

Eqs (4) and (6) and then the isotherm constants and correlation factors were calculated. From the 

experiments data and isotherm analyses revealed that ZnFe2O4/MMT K10 nanocomposite demonstrated 

the maximum adsorption capacities of 218.3 mg g
-1

 (Fig. 6) for MB. These values are higher than those 
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of ZnFe2O4 (106.2 mg g
-1

) under the same experimental conditions.The comparison result indicates that 

the relationship between MMT K10 and ZnFe2O4 is not just a simple mix. As discussed by XRD and 

EDAX, the ZnFe2O4 nanoparticles has successfully intercalated into the silicate layer of MMT K10 and 

also fully attached on the surface of MMT K10 layer, which further enhanced the adsorption capacity. 

Overall, ZnFe2O4 not only used for the magnetic separation, but also paid in attention for the higher 

adsorption capacity. This result implies that monolayer adsorption took place over the ZnFe2O4/MMT 

K10 nanocomposite due to the presence of different anions such as O
– 

and OH
–
 [55, 56].  

Fig. S2a-d shows the linear plots of Langmuir and Freundlich isotherms for ZnFe2O4 and 

ZnFe2O4/MMT K10 nanocomposite. The Langmuir isotherm constants, maximum adsorption capacity 

and correlation factors were obtained by the plots of 1/qe vs 1/Ce and they are listed in Table 1. 

Parameters for the linear Freundlich isotherm are also shown in Table 1, where the high values for the 

correlation coefficient indicated that the experimental data were well correlated by the Langmuir 

model. The maximum adsorption capacity values are nearly consistent with the experimental data. A 

high adsorption capacity indicates that good coverage of cationic dyes over the adsorbent surface could 

be due to the more negatively charged adsorption sites.  

3.4 Adsorption kinetics studies 

The adsorption kinetics of ZnFe2O4 and ZnFe2O4/MMT K10 nanocomposite(Fig. 7) were 

explored to find their adsorption rates and time required to complete process towards MB adsorption 

experiments for different contact times at room temperature. After that, the concentration was measured 

via UV–Vis analysis after diluting the solution 100 times(Fig. S3). The results show that 

ZnFe2O4/MMT K10 nanocomposite removed MB with rapid kinetics at the initial contact period and 

reached adsorption equilibrium at ~40 min due to the presence of high surface area and active sites of 

the adsorbents. The two of the well-known kinetic models were used to model the experimental data of 

MB adsorption onto ZnFe2O4/MMT K10 nanocomposite. Adsorption kinetics was explored by pseudo-

first-order and pseudo-second-order models [57].   
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Pseudo-first-order kinetics explainsrate-determining steps such as chemical reactions and mass 

transportprocesses which can be expressed (Eq. (7)) as follows: 

𝑑𝑞𝑡

𝑑𝑡
=  𝐾1 𝑞𝑒 −  𝑞𝑡                                                          (𝐸𝑞. 7) 

where qe (mg g
-1

) and qt (mg g
-1

) denotes the adsorption capacity at equilibrium time and time t (min), 

respectively, and k1 (g mg
-1

 min
-1

) isthe pseudo-first-order rate constant. By substituting the boundary 

conditions(t = 0 to t and qt = 0 to qt), Eq. (7) can be written as follows: 

ln(𝑞𝑒 −  𝑞𝑡) = ln𝑞𝑒 −  𝑘1 𝑡                                            (𝐸𝑞. 8) 

Pseudo-second-order model that assumes the overall adsorption rateof adsorbate by an 

adsorbent as chemisorption is represented by thefollowing expression: 

𝑑𝑞𝑡

𝑑𝑡
=  𝐾2(𝑞𝑒 −  𝑞𝑡)2                                                         (𝐸𝑞. 9) 

𝑡

𝑞𝑡
=   

1

𝐾2𝑞𝑒
2
 +  

1

𝑞𝑒
 𝑡                                                          (𝐸𝑞. 10) 

where qe (mg g
-1

), and qt (mg g
-1

) are the adsorption capacity at theequilibrium time, and time (t), 

respectively, and k2 (g mg
-1

 min
-1

)represents the second-order rate constant. 

From the experimental data, the kinetic parameters (Table 2) are obtained using the slope and 

intercept of the linear plots of ―ln (qe-qt) vs. t‖ for pseudo first-order and ―t/qt vs. t‖ for pseudo second-

order. Pseudo-first-order kinetic plots did not fit the experimental data well for MB adsorptions by 

ZnFe2O4 and ZnFe2O4/MMT K10 nanocomposite (Fig. 8a&c). Also, the correlation factors for pseudo-

first-order kinetic plots were less than 0.8593, whereas pseudo-second-order kinetic plots exhibited 

correlation factors about 0.9995 for MB dyes used in the experiment (Fig.8d). Pseudo-second-order rate 

constants were calculated to be 0.0009 g mg
−1

 min
−1

, under experimental conditions.  

The ZnFe2O4/MMT K10 nanocomposite followed the pseudo-second-order kinetic model for 

MB dye adsorption. This suggests that adsorption could be dominated by chemisorption rather than 

physical adsorption. Chemisorption could be a result of ionic interactions with the negatively charged 
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surface of the ZnFe2O4/MMT K10 nanocomposite. The maximum adsorption capacities obtained by 

pseudo-second-order fittings at the concentration of MB (200 mg L
-1

) were 162.8 mg g
-1

for 

ZnFe2O4/MMT K10 nanocomposite, which are very close to our experimental results (163.5 mg g
-1

). 

Kinetic studies on ZnFe2O4 shows the similar adsorption behaviours (Figs. 8b). The more negative 

functional groups and excellent adsorption sites may reveal the rapid adsorption of MB by 

ZnFe2O4/MMT K10 nanocomposite. 

3.5. Mechanism of MB adsorptions 

FT-IR analysis was performed to determine the mechanism for adsorption of dye on the surface 

of the ZnFe2O4/MMT K10 nanocomposite. Fig.S4 shows the FT-IR spectra of MB after being adsorbed 

on the surface of the ZnFe2O4/MMT K10 nanocomposite. Before adsorption, the surface of the 

ZnFe2O4/MMT K10 nanocomposite has characteristic peaks at 590 and 420 cm
−1

, 1726 and 1628 cm
−1

, 

528 and 468 cm
−1

 corresponds to the Zn−O,  C=O and Si− O, respectively. After dye adsorption, a new 

peak at around 1593 cm
−1

 distinctly appeared and a more broadened peak was observed. This peak can 

be assigned to the vibration of the aromatic ring owing to the C=C bond, indicating that the dyes are 

attached on the ZnFe2O4/MMT K10 nanocomposite surface. Also, small peak shift was observed in the 

ZnFe2O4/MMT K10 nanocomposite after dye adsorption. This peak shift is attributed to the 

electrostatic interactions between cationic dyes and the negatively charged surface of the 

ZnFe2O4/MMT K10 nanocomposite. This behaviour has been supported by zeta potential analysis. The 

zeta potential of the ZnFe2O4/MMT K10 nanocomposite was −32.5 mV at the experimental pH, 

indicating good emulsion stability and dispersion. This also confirms that the surface of the 

nanocomposite becomes more negatively charged than those of pristine ZnFe2O4 due to the presence 

MMT K10 clay. This negatively charged surface can actively adsorb cationic dyes, which improved the 

dye adsorption capacity of the ZnFe2O4/MMT K10 nanocomposite. Based on this, different types of 

possible molecular interactions over the surface of ZnFe2O4/MMT K10 nanocomposite with cationic 

dyes are illustrated in Fig. 9. Generally, the ZnFe2O4/MMT K10 nanocomposite was strongly bound 
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with the dye molecules through hydrogen bonding and electrostatic interactions with the MMT K10 

clay and the nanofibrous, resulting in rapid cationic dye adsorption. 

3.6. Adsorbent recycles studies 

The photo-induced recycling capability and stability of ZnFe2O4/MMT K10 nanocomposite 

were tested repeatedly five times through adsorption-desorption cycles. The photo-induced recycling 

properties of nanocomposite were investigated in the presence of natural sun light as shown in Fig. 10. 

After batch adsorption experiments, the ZnFe2O4/MMT K10 nanocomposite were collected using an 

external magnet and dispersed well with de-ionized water and followed by irradiation the natural sun 

light for 180 min with shadow. After the irradiation, adsorbent was collected with magnet and vacuum 

drying at 80 °C before proceeds the next batch adsorption experiment with the same experimental 

conditions. The adsorption capacity of ZnFe2O4/MMT K10 nanocomposite was above 97% after five 

cycles (Fig. 11). The results revealed that ZnFe2O4/MMT K10 nanocomposite could be effectively 

degrade the MB under sun light irradiation in recycling process. So we believe that the photo-induced 

regeneration method can be avoiding the secondary pollutant by solvent extraction. 

4. Conclusion 

In summary, the stacked layer structure of ZnFe2O4/MMT K10 nanocomposite was successfully 

synthesized and utilized as the adsorbent for the removal of MB dye from aqueous solutions. The batch 

adsorption experiments were carried out to determine the adsorption capacities of ZnFe2O4/MMT K10 

nanocomposite towards MB and the data were systematically evaluated using Langmuir and Freundlich 

isotherm models which revealed that the Langmuir isotherm was fitted well. Moreover, ZnFe2O4/MMT 

K10 nanocomposite showed maximum adsorption capacities of 218.3 mg g
-1

 for MB. This value is 

significantly greater than those of bare ZnFe2O4. ZnFe2O4/MMT K10 nanocomposite also showed rapid 

MB adsorption kinetics and attained equilibrium within 40 min. We believe the high MB adsorption 

capacities of ZnFe2O4/MMT K10 nanocomposite are due to synergistic effects of electrostatic attraction 

and hydrogen bonding between the functional groups of ZnFe2O4/MMT K10 nanocomposite and lone-
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pair electrons of the N group of MB. In addition, the ZnFe2O4/MMT K10 nanocomposite has proven 

excellent photo-induced recyclability of 97.6% for MB dye after five successful runs. This study is 

expected to offer the development of magnetic ZnFe2O4/MMT K10 clay-based adsorbent that 

effectively removes various cationic dyes from aqueous wastes. 
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Figure 1. X-ray diffraction patterns of (a) MMT K10, (b) ZnFe2O4 and (c) ZnFe2O4/MMT K10 

nanocomposite 

 

Figure 2 FT-IR spectra of (a) MMT K10 clay, (b) ZnFe2O4 and (c) ZnFe2O4/MMT K10 nanocomposite 
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Figure 3. SEM image for (a) ZnFe2O4, (b) MMT K10 clay, (c&d) ZnFe2O4/MMT K10 nanocomposite 

and (e) TEM images of ZnFe2O4/MMT K10 nanocomposite and (f) EDX analysis of 

ZnFe2O4/MMT K10 nanocomposite. 
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Figure 4. (a) UV-Vis DRS spectra, (b) K-M plot of ZnFe2O4 and ZnFe2O4/MMT K10 nanocomposite  
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Figure 5. VSM studies of ZnFe2O4 and ZnFe2O4/MMT K10 nanocomposite 

 

Figure 6. Langmuir and Freundlich isotherms and absorbance studies of MB after equilibrium for 

(a&c) ZnFe2O4, (b&d) ZnFe2O4/MMT K10 nanocomposite.  
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Figure 7. Adsorption kinetics studies of ZnFe2O4 and ZnFe2O4/MMT K10 nanocomposite (Initial 

concentrations of MB = 200 mg L
-1

).  

 

Figure 8. Plot of MB adsorption kinetics using pseudo-first-order (a&c) and pseudo-second-order 

(b&d) models. 
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Figure 9. Scheme of plausible mechanism for MB dye adsorption on the ZnFe2O4/MMT K10 nanocomposite 

 

Figure 10. Scheme of dye absorption and photo-induced recycling of the ZnFe2O4/MMT K10 

nanocomposite 
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Figure 11.  Recycle test of ZnFe2O4/MMT K10 nanocomposite (MB = 25 mg L
-1

, reaction time = 180 

min). 

 

 

Table 1. Parameters of the linear Langmuir and Freundlich models for the adsorptions of MB by 

ZnFe2O4 and ZnFe2O4/MMT K10 nanocomposite. 

Isotherm Parameters ZnFe2O4 ZnFe2O4/MMT K10 

Langmuir KL  (L mg
-1

) 0.1043 0.1042 

 qmax(mg g
-1

) 109.76 212.76 

 R
2
 0.9968 0.9989 

Freundlich KF  (L mg
-1

) 29.02 35.58 

 n 4.64 3.22 

 R
2
 0.7564 0.8624 
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Table 2. Kinetic parameters of the pseudo-first-order and pseudo-second-order models for MB 

adsorptions by ZnFe2O4 and ZnFe2O4/MMT K10nanocomposite. 

 

 

Adsorbent 

 

Pseudo-first-order model Pseudo-second-order model 

k1 

(min
-1

) 

qe 

(mg g
-1

) 
R

2
 

k2 

(g mg
-1

 min
-1

) 

qe 

(mg g
-1

) 
R

2
 

ZnFe2O4 0.0001 50 0.8931 0.0015 80.71 0.9994 

ZnFe2O4/MMT 

K10 

0.0001 46.29 0.8593 0.0009 162.86 0.9995 

 

 

 


