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Abstract 

In this research, magnetic-zeolite nano- and micro-composite adsorbents, including nano- and 

micro-sized zeolite clinoptilolite and iron oxide were synthesized. Natural clinoptilolite tuff was 
pre-treated and converted into micro- and nano-particles by using a mechanical method. Then, 

preparation of iron oxide nano-crystals in the presence of nano- and micro-zeolite was followed. 

The samples were applied to characterize the adsorbents by X-Ray Diffraction, X-Ray Fluo-
rescence, Fourier-Transform Infra-Red spectroscopy, Derivative Thermo-Gravimetry, Scanning 

Electron Microscopy, Transmission Electron Microscopy, and Vibrating Sample Magnetometry, The 

nano- and micro-composites were evaluated for Zirconium (Zr) removal from aqueous solutions. 
The effects of the analytical variables, including pH, initial ion concentration, contact time, and 

temperature were investigated. The process followed a Pseudo-Second Order (PSO) kinetic model 

with k2 values of 1.596 and 1.396 meq-1 h-1 for Magnetic Zeolite Nano-Composite (MZNC) and 
Magnetic Zeolite Composite (MZC), respectively. The saturation magnetization of the nano -com-

posite was measured as 19.50 emu g_1 by which the magnetic separations of the samples were 

facilitated after the adsorption process. The thermodynamic values of ∆G ° and ∆H° represented 
the endothermic and spontaneous natures of Zr removal. 

Keywords: Micro-composite; Nano-composite; Thermodynamic; Kinetic; Isotherm. 

 

1. Introduction 

Zirconium is one of the rare elements widely used in advanced modern technology. During 
the past decades, the unique chemical and physical properties of zirconium have led to the 

widespread use of this element in metallurgy, surgical appliances and the manufacturing of 
photoflash bulbs. Aside from its ability for industrial applications, Zr is mostly produced today 
to be applied to water-cooled nuclear reactors. However, fast industrialization to satisfy the 
population needs by using heavy metals has led to ecosystem contamination. Treatment of 
heavy metals is of special concern due to their recalcitrance and persistence in the environ-

ment [1-2]. Zirconium is a heavy metal with a great risk potential to humans and other organ-
isms in the environment as it has a long half-life. Ion exchange process is one of the most 
effective approaches to the treatment of heavy metals [3-6]. Among various ion exchangers, 
zeolites have received considerable attention for removing contaminants due to their high 
exchange capacities, low costs, and worldwide abundance [6-10]. Considering their large-scale 

utilizations, natural zeolites seem to be more ascendant than their synthetic counterparts due 
to their low costs, abundance, and less chemical pollut ions caused during their production [11]. 
Compared to the micro-sized zeolites, nano-crystalline zeolites have greater ion-exchange 
abilities, quicker exchange kinetics, larger surface areas, and more adjustable porosities. Yet, 
despite these advantages, separating them from the medium is a major challenge. This can 
be coped with by the use of magnetic separation method. By applying micro- or nano-magnetic 

1120



Petroleum and Coal 

                       Pet Coal (2018); 60(6): 1120-1131 
ISSN 1337-7027 an open access journal 

composites, this new technique opens a simpler, faster, and more accurate way to the removal 
of elements. 

Liu et al. synthesized magnetic zeolite NaA to remove Cu2+ and Pb2+ [12]. Sharma. et al. 
reported the sorption behavior of nanocrystalline mordenite for Th4+ and Eu+3 [13]. E. 
Chmielewska et al. investigated nano-FeO (OH) modified clinoptilolite tuff for antimony re-

moval [14]. Faghihian et.al. Synthesized a novel PAN-zeolite nano composite for removal of 
Cs+ and Sr2+ from equeous solutions [15]. In this work, magnetic nano- and micro-composites 
were synthesized and characterized for studying their efficiencies of Zr removal from aqueous 
solutions. Meanwhile, the effects of varied parameters, such as pH, initial ion concentration, 
contact time, and temperature were evaluated and optimized. Moreover, for the experimental 

data assessment, different kinetic and isotherm models were employed. 

2. Experimental procedure 

2.1. Reagents and methods 

All the chemical reagents used in this study were of analytical reagent grade [AR Grade]. 
FeCl3.6H2O (Aldrich 98%), FeCl2.4H2O (Aldrich 99%), and ammonium hydroxide (Aldrich 28-
30% of ammonia) were applied for magnetic particle preparation and Zr was supplied as 
zirconium chloride by Merck. The natural clinoptilolite tuff belonged to Semnan region in the 
north-east of Iran. Identifications of the structural phases of nano- and micro-composites were 

done by using a Bruker D8 ADVANCE X-ray diffractometer. The chemical compositions of the 
samples were determined through PANalytical Magix XRF spectrometry. An IR Prestige-21 
Model spectrophotometer (Shimadzu, Japan) was utilized to obtain FT-IR spectra. Thermo-
Gravimetric Analysis (TGA) of the samples was performed using a METTLER TG-50 Thermal 
Analyzer with a heating rate of 10oC min-1. To characterize MZNC and MZC magnetic proper-

ties, a vibrating sample magnetometer (Meghnatis Daghigh Kavir Company, Iran) was used. 
A Philips EM-208S transmission electron microscope was utilized to take the relevant images. 
Also, ICP-AES technique (Integra XL by GBC Australia) was employed to specify Zr concen-
tration. 

2.2. Pre-treatment of clinoptilolite 

Natural clinoptilolite tuff was converted into micronsized particles by crushing and pulver-

izing in an agate mortar and sieving using analytical sieves for separating the particle sizes of 
200-400 μm. The nanoparticle powders from clinoptilolite were obtained by mechanical ball-
mill method (600 rpm, 6 h) of micro-clinoptilolite powder. To remove water-soluble and mag-
netic impurities, the obtained powders were heated at 70oC in distilled water on a magnetic 
stirrer for 8 h. To reach a fixed water content, the powders were stored in a desiccator over a 
saturated sodium chloride solution for 2 weeks after centrifuging and drying them. 

2.3. Synthesis of magnetic zeolite nano and micro composite 

MZNC and MZC were prepared through the precipitation of Fe (III) and Fe (II) in the pres-
ence of nano- and micro-sized zeolite powders. An aqueous ammonia solution (1 M) was 
placed in a round-bottom flask and the known amounts of nano- or micro-zeolite powders 

were added to the ammonia solution. The mixture was homogenized by vigorous mechanical 
stirring and deoxygenated by bubbling of N2 gas for 30 min. The solutions of ferric chloride (1 M 
in water) and ferrous chloride (2 M in HCl 2 M) with a volume ratio of 4:1 were prepared and 
mixed together. The Fe(III)/Fe(II) solution was added dropwise to the nano- or micro-zeo-
lite/ammonia mixture while stirring the mixture vigorously under N2 atmosphere. Separations 

of the prepared composites were done by using a permanent magnet. Finally, the products 
were washed four times with deionized-deoxygenated water and then dried at 50oC for 5 h.  

2.4. Adsorption experiments 

Zr solutions were prepared by dissolving 2.6067 g of zirconium tetrachloride (ZrCl4) in 1000 mL 
of distilled water. The initial pH value of 2 underwent an adjustment by adding HCl and NaOH. 
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The adsorption experiments were performed by agitating 0.05 g of the composites with 10 
ml of Zr solution in a thermostat rotary shaker. After each adsorption experiment, the mag-
netic composites were easily segregated by using a permanent magnet. ICP-AES technique 
(GBC Integra XL) was utilized to measure Zr after taking a portion of the supernatant solution. 
The adsorbed Zr amount was calculated with regard to the concentration differences prior and 

subsequent to the adsorption. 
𝑞 = (𝐶𝑖− 𝐶𝑓)∗ 𝑉 𝑚⁄ )                  (1) 

The distribution coefficient (Kd) was calculated as follows: 
𝑘𝑑 = (𝐶𝑖−𝐶𝑓 𝐶𝑓⁄ 𝑥𝑉/𝑚)                 (2) 

where: q is the amount of metal ions adsorbed per unit mass of the adsorbent (meq g-1); Ci 

and Cf  are the initial and final concentrations (meq L-1), respectively; m is the adsorbent 
amount used (g); and V is the volume of Zr solution (L). The effects of the different parame-
ters, including initial Zr concentration, pH of the solution, contact time, and temperature were 
determined by changing one parameter at a time and keeping the others constant. 

3. Results and discussion 

3.1. Characterization of M ZNC 

The XRD patterns of raw nano- clinoptilolite (NCP) and magnetite zeolite nano-composite 
(MZNC)  are shown in Figure 1. The characteristic lines at 2θ values of 10.1,̊ 11.4̊, 17.3̊, 23̊, 

26̊, 28.2̊, 30.2̊, 32̊, 35̊, 37̊ and 39̊ in the pattern (a) can be indexed to clinoptilolite crystalline 
structure data [16]. This confirms that the sample used in this work has a typical clinoptilolite 
phase as the microporous component. The diffraction line of iron oxide was observed at 2θ 
values of 35.9̊, 42̊ and 73̊ in the XRD pattern of MZNC sample (b) indicates formation of iron 
oxide in the zeolite structure [17]. The relative line intensity and line position related to zeolite 

clinoptilolite remained unchanged, representing that the crystal structure of zeolite had been 
stable during the composite preparation. Through Scherrer’s equation [18], the magnetite par-
ticle size of the composite was found to be 22.4 nm. 

 
 

Fig 1. XRD patterns of the nano zeolite (matched with a reference pattern of clinoptilolite) (a), and MZNC (b) 

The chemical compositions of zeolite and MZNC (Table 1) were obtained through XRF anal-
ysis. The composite consisted of 19.86 wt.% Fe2O3. The Si/Al ratio of the present zeolite 
sample was 4.85, which was consistent with the previous findings placing the ratio within a 
range of 4-5.5 [19]. The Theoretical Cation Exchange Capacity (TCEC) was estimated by the 
sum of the exchangeable ions, including Na+, K+, Ca2+, and Mg2+ in the zeolite. The difference 

2θ degree 
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between TCEC and Cation Exchange Capacity (CEC) (Table 1) was due to the fact that some 
counter-ion sites in the zeolite particles were unavailable for cation exchange. 

Table 1. Chemical compositions of zeolite and MZNC obtained through XRF analysis 

 SiO2 Al2O3 Na2O TiO2 K2O CaO MgO 

CLI 67.41 11.82 2.66 0.10 2.44 1.31 0.71 

MZNC 53.21 9.28 1.92 1.096 1.48 1.25 0.71 

 SrO Fe2O3 LOIa Total Si/Al TCECC CECC 

CLI 0.13 1.32 11.46 99.54 4.85 1.736 1.561 

MZNC n.d.b 19.86 12.01 99.81 4.87 1.335 1.218 

CLI-clinoptilolite; a Loss on ignition; b Not detected; c (meq g_1) 

The FT-IR spectra of the zeolite and composite were recorded over a range of 400-4000 

cm-1 (Fig. 2). Water absorption bands at 1638 cm_1 within the range of 3000-3600 cm_1 con-
firmed significant hydrations of the zeolites. The band at 1070 cm_1 was assigned to the asym-
metric stretching vibration modes of the internal T-O bonds in TO4 tetrahedra (T=Si and Al). 
The bands at 609 and 465 cm-1 arose from the stretching vibration modes of O-T-O groups 

and the bending vibration modes of T-O bonds, respectively [20]. For the zeolites, the regions 
corresponding to (Si–O and Al–O) and (O–Si–O and O–Al–O) demonstrated strong bands, 
indicating an increase in the surface areas and aluminosilicate bonds of the zeolites. The char-
acteristic band related to Fe–O–Fe bond of iron oxide must have appeared at 584 cm-1 [17]. 

 

Figure 2. FTIR spectra of clinoptilolite and MZNC  

 

Figure 3a. DTG curves of nano clinoptilolite and MZC 

 
Figure 3 (b). DTG curves of nano clinoptilo-

lite and MZNC 

In the DTG curves of the nano-zeolite clinop-
tilolite and MZNC, two weight-loss peaks occur-

ring between 50oC and 120oC were assigned to the 
loss of the adsorbed water Fig 3 (a and b). After 
280oC, the adsorbents exhibited no dehydration 
peaks up to 800oC, which means that the samples 
were thermally stable. 
 
 
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The difference between the amorphous surface structures of the natural zeolite sample and 
nano-zeolite clinoptilolite with a uniform surface was apparent according to SEM images Fig 4 (a 
and b). Due to the lack of uniformity and wide range of particle dimensions, determination of 
the particle size distribution could not be accurately performed for micro-sized clinoptilolite, 
according to (Fig  4a), but for nano-sized particles depicted in Fig 4b. Also, TEM images showed 

iron oxide particles to have been nano-sized and bound to the aluminosilicate framework of 
nano-zeolite (Fig 4c).  

 

 

 

Figure 4 (a, b). SEM images of zeolite clinoptilolite (a) and nano clinoptilolite (b). 

Figure 4 (c). The MZNC TEM images 

 

 

Figure 5. The hysteresis loops of MZNC  

This new composite's feature was its magnetic 
property, which means that it was characterized by a 

sample of the vibrating magnetometer in this study Fig. 5. 
The magnetic curve illustrated no hysteresis loop and 
remanence, which indicate the good super-paramag-
netic properties of MZNC. The zero amount of rema-
nence certified that the composite had not retained 

magnetization after being exposed to an external 
magnetic field and they could be thus re-dispersed af-
ter removing the magnetic field. Nanocomposite ex-
hibited the saturation magnetizations of approxi-
mately 19.50 emu g-1 at 298K. This value verified the 

adequate magnetic properties of MZNC to be appealed 
by a permanent magnet. 
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3.2. Optimization of conditions 

3.2.1. Effect of pH 

The effect of pH on Zr removal by the natural zeolite, MZC, and MZNC at pH<3.5 for 
[Zr]=1.5–10 mmol L-1 is shown in Fig. 6. The results revealed an increase in the adsorption 
capacity with pH enhancement due to the nature of the absorption process. At a constant 

concentration of 0.01 mol L-1 for Zr solution, maximum adsorption capacity was observed at 
pH=2. Higher pH values were not examined due to Zr precipitation at pH>3.5. In the adsorp-
tion process using zeolite clinoptilolite, the intense competition between H3O+ and Zr ions for 
the exchange sites led to the reduced absorption of H3O+ ions because of their small sizes, 
high ionic mobilities, and consequently high penetration powers, especially at an acidic pH. A 

decrease and increase in the competition and absorption capacity were expected with the 
declined concentration of H3O+. The increasing process of the absorption capacity continued 
until pH=2 was reached. In the next step, a steady rate of absorption was achieved after 
eliminating the competition of hydronium ions. 

3.2.2. Effect of contact time  

The contact time effects of clinoptilolite, MZC, and MZNC on Zr adsorption were studied at 

a concentration of 0.01 mol L-1 of Zr solution at 25°C. The results are shown in Fig 7. In all 
the absorbents, the equilibration was attained after 24 h. From the slopes of the curves, it 
was concluded that the adsorption rate had been fast at the beginning and become slow with 
the reaction progress. The absorption rate induced by MZNC was so rapid that more than 80% 
of the maximum absorption capacity for Zr was obtained during the first 3 hours. Ion exchange 

reaction with this adsorbent was achieved after 24 h and the sorption capacity was fixed. 
Therefore, this time was selected as the optimal contact time for the nano-composite. These 
results indicated that the absorption rate triggered by the nano-composite was faster than 
those induced by the micro-composite and clinoptilolite. This high absorption rate could be 
attributed to the nanometer dimensions of zeolite particles.  

  
Figure 6. Effect of pH on sorption of Zr Figure 7. Effect of contact time on adsorption of 

Zr onto clinoptilolite, MZC and MZNC 

3.3. Adsorption kinetics and thermodynamics 

The kinetics of adsorption was evaluated by applying four different models including the 
pseudo-first-order equation, the pseudo-second-order equation, Elovich equation, and intra-
particle diffusion model. These models were tested to fit experimental data obtained by batch 

experiments. 
The pseudo-first-order equation is generally expressed as follows: 

ln (qe – qt) = ln qe – k1t                 (3) 
where qe and qt are the ions adsorbed amount per unit mass of the adsorbent at equilibrium 
and at any time t, respectively and k1 is the rate constant of pseudo-first-order sorption (min-1).  
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The values of k1 and qe were regulated from the slope and the intercept of plotting of log 
(qe - qt) vs. t. The results are listed in Table. 2. Although no extremely low values were obtained 
for R2, the calculated qe was not consistent with that of experimental data. Hence, the ad-
sorption process did not follow a pseudo-first-order model. The linear form of the pseudo-
second-order kinetic model is written as follow: 

t/qt = 1/(k2qe
2) + (1/qe)t                (4) 

The initial sorption rate can be calculated by the following formula: 
h = k2 qe

2                      (5) 
where k2 is the rate constant of pseudo-second-order kinetic sorption (g/mg/min). The calcu-
lated values of k2, qe, and h values and the correlation coefficients (R2) are listed in table 2. 

The comparison of k2 values indicated faster ion adsorption onto MZNC is faster than on cli-
noptilolite. 

Table 2. Kinetic parameters of pseudo-first-order and pseudo-second-order kinetic models 

sorbents  
 

qe (exp.) 
(×10-1)  
(meqg -1) 

    pseudo-first-order model                  pseudo-second-order model 

k1 (×10-1) 

 (h-1) 

qe (theor.) 
(×10-1)    

(meqg -1) 

R2 
k2  

(meq-1 h-1) 

qe (×10-1) 

(meq g -1) 

h (×10-1)  

(meq g -1h-1) 
R2 

Clinoptilolite  6.80 1.644 2.675 0.9575 1.072 7.032 5.3036  0.9990 

MZC 6.20 1.285 1.337 0.9647 1.396 6.215 5.393 0.9978 

MZNC 8.90 1.863 4.212 0.8648 1.596 9.027 13.005  0.9997 

The intra-particle diffusion effect on the total rate of ion exchange was demonstrated by 

the association of the adsorbed ion amount and the square root of time. The equation of intra-
particle diffusion model is exhibited as follows: 
𝑞𝑡 =𝑘𝑑𝑖𝑓𝑓𝑡

1/2+𝐶                    (6) 

where Kdiff is the rate constant of intra-particle diffusion (mg/g/min) and C stands for the 
intercept. As evidenced by the results, intra-particle diffusion cannot provide a rate-determin-
ing step in the sorption process (Table 3). Elovich equation is given as follows: 
𝑞𝑡 = 𝑙𝑛(𝛼𝛽)/𝛽+ 1/𝛽 ln𝑡                  (7) 

where qt is the sorption capacity at time t; a is the initial sorption rate of Elovich equation 
(mg/g/min); and parameter b is related to the extent of surface coverage and activation en-
ergy for chemisorptions (g/mg). The constants calculated from the slope and the intercept of plot 
of qt vs. ln t are listed in Table 3. The comparison of the calculated qe and correlation coefficients 

for the kinetic models revealed that PSO equation best matched with the experimental data. 
These results demonstrated that the overall sorption rate had been controlled by the chemical 
sorption process [21]. 

Table 3. Kinetic parameters of Elovich and intra-particle diffusion models 

Sorbents 

Elovich model    Intra-particle diffusion model 

α (×10-1) 
(meq g -1 

h-1) 

β (meq-

1) 
R2 

 
kdiff (×10-2) 

(meg g -1 h-1/2) 
C (×10-2) 
(meq g -1) 

R2 

Clinoptilolite  38.904  10.8565 0.9014  6.663 26.82 0.6481  

MZC 32.633 11.737 0.8793  6.093 24.33 0.6446 

MZNC 14.928  62.037 0.6347  7.436 44.89 0.4914  
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3.3.1. Sorption thermodynamics 

The effect of sorption temperature on Ru removal was investigated at five different tem-

peratures. The adsorption capacity enhanced with increasing temperature (Fig. 8). The ther-
modynamic parameters, including enthalpy change (ΔH°) and entropy change (ΔG°), can be 
obtained using the Van't Hoff equation. 
ln Kd = − (∆H°/RT) + (∆S°/R)               (5) 

A plot of lnkd vs. 1/T is shown in Fig. 9. The free energy change of the adsorption (ΔG°) 
is calculated as follows: 

∆G° = ∆H° − T∆S°                   (6) 
The calculated thermodynamic parameters are summarized in Table 4. Since ΔH° values 

are positive, the adsorption process is endothermic in nature.  

Table 4. Thermodynamic parameters of Zr adsorption  

Sorbent ∆G° (kJ mol-1) ∆S° (kJ mol-1 K-1) ∆H° (kJ mol-1) 

Clinoptilolite -7.21 34.51 3.07 

MZC  -6.98 34.87 3.41 
MZNC -8.001 37.10 3.05 

The positive values of ∆S° suggested that the randomness at the solid/solution interface 

had increased during the sorption process. The negative values of ∆G° indicated that Zr ad-
sorption reaction was spontaneous. The decrease in ∆G° values with increasing temperature 
showed that the spontaneous nature of sorption was directly proportional to temperature. 

Therefore, the adsorption process was favored when temperature was augmented. The greater 
absolute values of ∆G° for MZNC compared to MZC and clinoptilolite revealed that the adsorp-
tion of the former on Zr had been more favored. 

  
Figure 8. Effect of temperature on Zr adsorption 

onto clinoptilolite, MZC and MZNC  

Figure 9. Van’t Hoff plot for adsorption of Zr onto 

clinoptilolite, MZC and MZNC 

3.4. Sorption isotherm 

To investigate the effect of initial concentration, various concentrations of Zr solution were 
equilibrated with constant amounts of the adsorbents (Fig 10). The initial fast adsorption was 
followed by a slow approach to equilibrium at a higher concentration. Three isotherm models, 
including Langmuir, Freundlich, and Dubinin–Radushkviech (D–R) models were employed to 
examine the experimental data. 

3.4.1. Langmuir isotherm model  

Langmuir isotherm assumes that the sorption occurs at specific homogeneous sites within 
the adsorbent. This model is expressed by: 
Ce/qe = 1/(Q0b) + Ce/Q0                 (11) 
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where Qo denotes the saturation adsorption capacity (mg/g) and b represents the Langmuir 
constant related to the free energy of adsorption calculated from the slope and intercept (Table 
5). The plot of Ce/qe vs. Ce is shown in Fig. 11. The important parameter of Langmuir isotherm 
is the dimensionless constant, RL, which can be calculated as follows: 
𝑅𝐿 = 1/(1 + 𝑏𝐶𝑂)                    (12) 

where C0 stands for the highest initial metal ion concentration (mg/L). The values of this 
parameter indicate the unfavorable (RL>1), linear (RL=1), favorable (0<RL<1), and irreversi-
ble (RL=0) types of the adsorption isotherm [22].  

The obtained data confirmed that Zr adsorption was favorable. The maximum adsorption 

capacity of MZNC for Zr removal was compared with those of the other adsorbents reported 
in the literature (Table 6). MZNC was seen to depict a high adsorption capacity for this ion. 
On the other hand, the magnetic composites could be easily separated from the solutions 
using a permanent magnet. 

 
 

Figure 10. Effect of different initial ion concentra-
tion on Zr adsorption onto clinoptilolite, MZC and 

MZNC 

Figure 11. Langmuir isotherm plots for adsorp-
tion of Zr onto clinoptilolite, MZC and MZNC  

  
Figure 12. Freundlich isotherm plots for adsorption 

of Zr onto clinoptilolite, MZC and MZNC  

Figure 13. D-R isotherm plots for adsorption of 

Zr onto clinoptilolite, MZC and MZNC 

3.4.2. Freundlich isotherm model  

Freundlich isotherm model makes the assumption that multi-layer sorption occurs at a het-
erogeneous surface. This model was used to estimate the intensity of the adsorption process 
and relative sorption capacity. A linear form of the Freundlich equation is shown as follows: 

log qe = log kf + 1/n log Ce                (13) 

where Kf denotes the Freundlich constant relevant to the adsorbent capacity and n displays 
the constant related to the intensity of the adsorption process. The Freundlich isotherm is 
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shown in Fig 12 and their constants are represented in Table 5. The Freundlich constant (n) 
was greater than its unity, indicating that an increasing tendency of the adsorption process 
had occurred with the elevation of ion concentration. Kf value of MZNC was higher compared 
to those of MZC and clinoptilolite, corroborating a greater adsorption tendency of the adsor-
bents towards MZNC. 

Table 5. Adsorption isotherm parameters for Zr adsorption 

Isotherm Sorbents 
Model parameters 

Q0 (mg g-1) b×103 (L mg-1) RL×103 R2 

Langmuir Clinoptilolite 195.31 11.56 18.6 0.9972 

 MZC  188.67 8.096 26.0 0.9964 

 MZNC 270.27 8.375 25.0 0.9968 

  Model parameters 

  n Kf (mg g-1) R2  

Freundlich Clinoptilolite 2.18 630.23 0.9268  

 MZC 2.09 497.0 0.9717  

 MZNC 2.189 808.7 0.9274  

  Model parameters 

  β (×10-9)(mol2 kJ-

2) 
qm (mmol g-1) E (kJ mol-1) R2 

D-R Clinoptilolite 6.00 1.003 9.32 0.9771 

 MZC 6.00 1.001 8.97 0.9717 

 MZNC 6.00 1.012 9.506 0.9628 

3.4.3. Dubinin–Radushkviech isotherm model 

D–R isotherm was used to distinguish between the physical and chemical adsorptions of 
the ions and estimate the apparent free energies of adsorption. The related equation is given 
as follows: 
log qe = log kf + 1/n log Ce                (14) 
where qm is the maximum adsorption capacity (mequiv/g); is the D–R constant related to the 

sorption energy (mol2/K/J2); and e is the Polanyi potential. 
ε = RT ln (1 + 1/Ce)                  (15) 
where R is the gas constant (kJ-1mol-1K) and T is the absolute temperature (K). The D–R 
isotherm is plotted in Fig. 13 and the obtained parameters are represented in Table 5. In a 
solution, when 1 mol of an ion is transferred to the surface of an adsorbent from infinity, its 

free energy is called the mean energy of adsorption (E), which is calculated as follows: 
E = (2β)-1/2                     (16) 

The magnitude of E within a range of 8-16 KJ/mol demonstrates that the sorption process 
is done through an ion exchange interaction. The reaction mechanism can be related to the 
magnitude of E. When E value is within the range of 8-16 kJ/mol, the sorption process is 

followed by ion exchange, but when E<8.0 kJ/mol, physical forces are responsible for the 
process [23]. 

Table 6. Adsorption capacity of Zr by some adsorbents 

Sorbent Qm(mg.g-1) Reference 

Clinoptilolite 83.12 [6] 
Coriolus versicolor 71.00 [24] 

Rice bran 50.00 [25] 

Citrus peel waste biomass 45.02 [26] 
Magnetic zeolite composite 188.67 This work 

Magnetic zeolite nano composite 270.27 This work 
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4. Conclusion 

The magnetite-zeolite nano- and micro-composites were synthesized, characterized, and 

evaluated for Zr removal from aqueous solutions. The nano-composite represented a high 
cation exchange capacity, high selectivity towards Zr, and rapid adsorption kinetics as com-
pared to the micro-composite of zeolite. The nano-composite displayed 26.9% increasing in 
adsorption capacity. The results of the kinetic studies suggested that the initial sorption rate 
and rate constant were greater when using the nano-composite instead of the micro-compo-
site. The VSM results verified the sufficient magnetic strengths of the nano- and micro-com-

posites to be attracted by a magnetic field. The PSO model gave a better correlation with the 
experimental kinetic data compared to the PFO model, confirming the dominant process of 
the chemical sorption. The values of the thermodynamic parameters demonstrated the endo-
thermic and spontaneous natures of the adsorption process. 
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