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Abstract 

The equilibrium and kinetic characteristics of the natural clinoptilolite from an acidic medium have been 

determined. The adsorption parameters including pH, contact time, stirring rate, and temperature have been 

optimized. The practical adsorption capacity of uranium upon the resin under the optimum conditions has been 

found to attain 32 mg/g which matches with Langmuir isotherm 34.25 mg/g. The physical parameters including 

the adsorption kinetics, the isotherm models, and the thermodynamic data have also been determined to describe 

the nature of the uranium adsorption by the natural clinoptilolite. The working natural clinoptilolite was found to 

agree with both the pseudo-second-order reaction and the Langmuir isotherm. Scanning electron microscope 

(SEM), X-ray diffraction (XRD), and Thermogravimetric analysis (TGA) were used to examine the structure of 

the resulting adsorbent. 
Keywords: Natural clinoptilolite, uranium adsorption, kinetics, thermodynamics  

 

I. Introduction 

Zeolites are hydrated aluminosilicates of 

alkaline and alkaline-earth metals.  About 40 natural 

zeolites have been identified during the past 200 years; 

the most common are analcime, chabazite, 

clinoptilolite, erionite, ferrierite, heulandite, 

laumontite, mordenite, and phillipsite.   More than 150 

zeolites have been synthesized; the most common are 

zeolites A, X, Y, and ZMS-5; Natural and synthetic 

zeolites are used commercially because of their unique 

adsorption, ion-exchange, molecular sieve, and 

catalytic properties. Major markets for natural zeolites 

are pet litter, animal feed, horticultural applications 

(soil conditioners and growth media), and wastewater 

treatment.  Major use categories for synthetic zeolites 

are catalysts, detergents, molecular sieves [1-3]. 

Clinoptilolite series minerals are the most 

common zeolites in nature and have been found in 

many areas all around the world, for instance, in 

Europe (Hungary, Italy, Romania, Slovakia, Slovenia, 

Turkey, former Yugoslavia), in Russia, and several 

states of the former Soviet Union (Georgia, Ukraine, 

Azerbaijan), Asia (China, Iran, Japan, Korea), Africa 

(South Africa), Australia and New Zealand, and in 

many countries of the Americas, such as Argentina, 

Cuba, Mexico and the United States[4-7]. Parent rocks 

commonly contain over 50% of clinoptilolite, but 

contents over 80% are very widespread too [8]. 

Clinoptilolite belongs to the group heulandite (HEU), 

which possesses a two-dimensional structure [9].  

Uranium is one of the most important elements 

because of its strategic importance in the energy field 

[10]. The World Nuclear Association "WNA" reports 

that there are 439 nuclear reactors operable in 30 

countries as of January 1, 2016. As of January 1, 2016, 

66 nuclear reactors are under construction in 14 

countries and about 224 reactors that be either under 

construction by 2030. Accordingly, the uranium 

demand could grow by over 48% to as high as 266.8 

million pounds U3O8 by 2030 from an estimated 179.3 

million pounds of U3O8 in 2015 [11, 12]. 

In general, several methods have been carried 

out for recovery of uranium from uranium leach 

liquors or effluents as ultrafiltration [13],nanofiltration 

[14], resin-in-pulp [15], liquid membrane [16], 

biosorption [17], liquid-liquid extraction [18], ion 

exchange [19],solid-phase extraction [20], co-

precipitation [21] and electrodeposition [22]. Among 
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these methods, the ion exchange method employing 

synthetic resin has received considerable interest 

compared to others, which is due to its selectivity, less 

sludge volume, metal recovery at low concentrations 

from aqueous solution, and ability to regenerate the 

resin [23]. 

The present work is concerned with studying 

the uranium extraction from acidic solution by a batch 

technique using natural clinoptilolite and determining 

the equilibrium and kinetic characteristics as well as 

the interesting thermodynamic data of the natural 

clinoptilolite for uranium recovery from an acidic 

solution. To realize the objectives of this work, the 

various parameters of uranium (VI) adsorption upon 

the studied natural clinoptilolite have been 

experimentally optimized as a pre-requisite for the 

determination of the relevant physical characteristics. 

II. Experimental 

2. Materials and methods  

2.1. Chemicals and reagents 

All chemicals used for analysis were analytical-grade 

reagents. Uranyl sulfate trihydrate UO2SO4.3H2O 

from IBI labs, Florida, USA and HCl 37%, HNO3, 

NaCl. 

2.2. Analytical method  

The concentration of uranium in the aqueous solution 

(Ceq, mg/L) was analyzed at 650 nm using Arsenazo 

III dye.  (Shimadzu UV–VIS-1601- 

spectrophotometer). 

2.3 Physical and Chemical Properties of natural 

clinoptilolite. 

Table (1) shows the Physical properties of natural 

clinoptilolite. Table (2) shows the chemical 

composition of Natural Clinoptilolite as received by 

using ICP analysis.  

 

Table (1): The Physical Properties of natural clinoptilolite 

2.377 Apparent (Skeletal) Density,mcm-3 1.83 Bulk (Particle) Density,mcm-3 

Greyish-white Appearance(Color) 89.82 Overall Surface Area, m2gm-1 

6.75 Humidity,% 27.80 Porosity, % 

13.6 L.O.I,%* 35.836 Total Pore Area,m2gm-1 

4 Hardness, Moh’no. 0.0181 Average Pore Diameter,µm 

  7.38 Solubility,% 

 6 mm > Grain Size 2.52 Swelling Index 

  6.8 pH 

 

Table (2): the chemical composition of Natural Clinoptiloliteusing ICP  

Elements Si Al Fe K Ca 

Wt.% 62.88 11.52 5.63  4.85 3.94 

 

2.4.Preparation of the pregnant solutions: 

• Generally, the samples used in this work were 

weighed using an analytical balance 

produced by Shimadzu (AY 220). 

• Hot plate magnetic stirrer model Fisher 

Scientific. 

• The hydrogen ion concentration of the 

different solutions was measured accurately 

using the pH-meter model (HAANA pH-mV-

temp). 

• The quantitative analysis of uranium was 

carried out by UV-spectrophotometer “single 

beam multi-cells-positions model SP-8001”, 

Metretech Inc., version 1.02using Arsenazo 

III indicator (Sigma-Aldrich) [24]and 

confirmed by an oxidimetric titration against 

ammonium metavanadate using N-phenyl 

anthranilic acid indicator (Sigma-Aldrich). 

 

2.5. Experimental procedure: 

The batch procedure was performed to 

optimize the basic equilibrium conditions for uranium 

adsorption such as pH, contact time, temperature, and 

natural clinoptilolite to liquid ratio. In these 

experiments, 50 ml of 50 mg U/L solution were stirred 

with 1.0 g dry natural clinoptilolite200 rpm in a 100 

ml conical flask. After mixing the clinoptilolite with 

the liquor, the two phases were decanted and the clear 

raffinate was analyzed against the uranium 

concentration. The amount of uranium adsorption QE 

(mg/g) was calculated from the difference of uranium 

concentration in the aqueous solution before and after 

adsorption at the equilibrium time t according to 

equation (1): 

( )0e e

V
q C C

m
= −  (1) 

Where Co and Ce are the initial and 

equilibrium concentrations of U (VI) in the solution 

(mol. L-1), V is the volume of solution (L), m is the 

weight of the clinoptilolite(g). The amount of U (VI) 

adsorbed onto the resin (q, mg/g   ( and the uptake 

percent (U %) were determined using equation (2). 

U %= 0( )
100e

e

C C

C

−
                         (2) 

The distribution coefficient (Kd) of uranium between 

the aqueous bulk phase and the solid phase 

clinoptilolite was calculated from the following 

equation (3): 
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3. Results and Discussion 

3.1. Characterization of the Clinoptilolite 

3.1.1Mineral component of clinoptilolite 

The attached XRD pattern of the sample 

confirms its Clinopitolite mineralogy by using X-ray 

Diffraction analysis which was applied to detect the 

crystallinity of the extracted samples of chitin and their 

corresponding clinoptilolite. A Scanting powder 

diffractometer was used for this purpose between 2 

angles of 5o and 40o. Ni-filtered Cu K -radiation was 

used as the X-ray source. The relative crystallinity of 

the polymers was calculated by dividing the area of the 

crystalline peaks by the total area under the curve as 

shown in Figure (1). 

 
Figure (1): XRD patterns of Clinopitolitebefore 

uranium adsorption 

 

3.1.2.Surface Morphology Studies 

The SEM photographs in Fig.2 were taken at 

100magnifications to observe the surface morphology 

of clinoptilolite. SEM micrographs of clinoptilolite 

display that the clinoptilolite has a drusy texture with 

very high microporosity, partially developed 

crystalline laminar habits, and conglomerates of 

compact crystals. Some small amorphous particles 

surrounding the crystal clusters can be seen in the 

SEM image.SEM analysis after adsorption confirms 

the presence of uranium on the clinoptilolite sorbent. 

After uranium ion sorption the efficient binding of 

the metal is characterized by the appearance of well-

resolved uranium signals. The microscopic 

observation of the surface of sorbent particles after 

uranium ion sorption does not show significant 

changes in the external structure [25, 26]. 

 

3.1.3.Thermal analysis  

Thermogravimetric analysis is a tool to investigate 

thermal Stability of Materials, oxidative 

decomposition, and vaporization of the clinoptilolite. 

Thermal decomposition behavior of the clinoptilolite 

related to the chemical composition and chemical 

bonding in the material structure is essentially 

determining the shape of the TGA-DTA profile. The 

thermal decomposition of clinoptilolite is mainly 

divided into three stages, each with elevated 

temperatures as shown in Figure (3). The first stage 

shows weight loss at 26.9-236°C corresponds to 

residual water evaporation. The second stage is 

between 236 and 558°C shows weight loss may be due 

to the fracture and digestion of clinoptilolite. The third 

stage is due to the degradation of clinoptilolite at 548–

703°C. There is no change in weight loss over 700 °C. 

On the other hand, the DTG graph plot approves the 

breakdown of the sample and signifies the precise 

temperature at which the breakdown starts and ends. 

The deterioration because of the loss of water starts at 

27℃ and ends at 236℃. At 396℃ the major 

breakdown of polymer starts and ends at 547℃, 

whereas the final degradation of the clinoptilolite is 

represented by a small peak from 548℃ to 703℃. 

Then, there is no change in the TGA profile up to 

703oC. In the case of the DTA and DTG graph, the 

height or depth of the peaks expresses reactivity 

intensity [27, 28]. 

 

 
Figure 2: SEM micrographs of clinoptilolite(A) 

before and (B) after uranium adsorption 

 
Figure (3): DTA-TGA of CH before heating 

treatment 

(A) 

(B) 
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3.2. Optimization of uranium adsorption 

conditions: 

3.2.1. Effect of different media: 

From these results, it is obvious that the nitric acid 

media is more suitable with an extraction efficiency of 

36.8%. While the extraction efficiency of both 

hydrochloric acid and sulfuric acid media are 2.8% 

and 2.4% respectively when the natural clinoptilolite 

was used as represented in table (3). 

 

Table (3): the Effect of different media on 

extraction efficiency 

 

3.2.2 Effect of natural clinoptilolite particle size 

The particle size of natural clinoptilolite would make 

it amenable for extraction due to increasing the surface 

area of the extractant which is exposed to uranium in 

nitrate solution. The particle size of the natural 

clinoptilolite effect has been studied using samples 

having a size varying from –0.036, +0.036, +0.125, 

+0.25, and +0.5 mm. The obtained uranium extraction 

efficiencies are indicated in figure (4). From these 

results; it is obvious that uranium extraction efficiency 

decreases by increasing the natural clinoptilolite 

particle size. Where the extraction efficiency 

decreases (– 0.036 to +0.25 mm particle size) from 

54.2% to 30.8% respectively and becomes at +0.5 mm 

particle size 33.4%.This behavior may be due to 

decreasing the surface area of the natural clinoptilolite 

as an extractant. So the particle size -36 mm for natural 

clinoptilolite was more sufficient for extraction of 

uranium with an extraction efficiency of 54.2%. 

 

 
Figure (4): Effect of natural clinoptilolite particle 

size on uranium adsorption 

 

 

3.2.3. Effect of Solution pH on the Extraction 

Efficiency 

The effect of solution pH results on the 

extraction efficiency from the nitric acid medium 

using the hydrothermal treatment clinoptilolite was 

illustrated in Figure (5). From these results, it is clear 

that the extraction efficiency increased when the pH 

increased from 1.0to 2.5 with extraction efficiency 

15.2 and 73.4 respectively. While by increasing the pH 

from 2.5 to 3.5 the extraction efficiency decreased to 

26.0% respectively. Maximum extraction efficiency 

was achieved at pH 2.5 with an extraction efficiency 

of 73.4%. 

 

Figure (5): Effect of pH on uranium uptake using  

natural clinoptilolite 

 

3.2.4. Effect of Initial Uranium Concentration: 

Results of studying this factor using 

hydrothermal treatment clinoptilolite were illustrated 

in Figure (6). From these results, it is clear that 

uranium extraction efficiency was rabidly decreased 

from 78.4% to 24.8% when the initial concentration of 

uranium increased from 25 to 250 ppm respectively. 

This decreases my due to the low surface area of 

clinoptilolite which exposes to extraction consumed in 

high initial concentration of uranium. 

 
Figure (6): Effect of initial uranium concentration 

on uranium adsorption efficiency 

 

 

Type of acid media Extraction efficiency % 

HCl 2.8 

H2SO4 2.4 

HNO3 36.8 
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3.2.5. Effect of contact time on the extraction 

efficiency:  

The effect of the contact time upon the 

extraction efficiency was studied in the range of 5 to 

120 min under the conditions of an aqueous solution 

of pH 2.5 containing 50ppm uranium at ambient 

temperature. Results of studying this factor were 

represented in figure (7). From these results, it is clear 

that the extraction efficiency was rapidly increased 

when the contact time increased from 5.0 min. (33.4%) 

to 50 min. (73.4%), and kept constant at 60 min. at 

extraction efficiency 73.4%. Then the extraction 

efficiency was slightly decreased when the contact 

time increased from 90 min. (70.6%) to 120 min. 

(66.8%). However, a contact time of 50 to 60 min. 

could be satisfied to attain the equilibrium between the 

phases during the extraction. 

 
Figure (7): Effect of contact time on uranium 

adsorption efficiency 

 

3.1.3 Effect of temperature: 

The effect of temperature on the uranium uptake 

capacity of 1 g clinoptilolite from 50 ml solution 

assaying 50 mg/L was studied within the temperature 

range from 25 to 45 ºC at constant pH 2.5for60 

minutes contact time. From the results represented in 

table (4), it is clear that the uranium uptake capacity 

decreased with increasing the temperature; therefore it 

was preferred to conduct the extraction at room 

temperature. The uranium uptake capacity at room 

temperature attained 18.75 mg/g while it decreased 

down to reach 13.0 mg/g at 45ºC. This decrease in the 

uranium uptake capacity with increasing the 

temperature might be due to decreasing the surface 

activity that leads to the decrease in the thickness of 

the boundary layer which increases the tendency of U 

to escape to the solution phase after extraction. 

 

3.2 Sorption kinetics and mechanism: 

The data obtained from batch experiments which were 

performed at different temperatures (25–45) 0C were 

evaluated by using the simple Lagergrenequation[29] 

to determine the rate of the sorptive interactions 

assuming pseudo-first-order kinetics: 

1
e t e

k
log(q -q )=logq - t

2.303

 
 
 

       (4) 

where qt and qe are the amounts of uranium adsorbed 

(mg/g) at the time, t (min), and equilibrium time (30 

min), respectively an,d K1 is the pseudo-first-order 

Lagergren adsorption rate constant (min -1). The kl 

values could be obtained by plotting log (qe – qt) 

versus t for adsorption of uranium at different 

temperatures as shown in Figure 8. The values of the 

first-order rate constant (kl) and correlation coefficient 

(R2) obtained from these plots are listed in Table 4. 

The values of kl indicate that the rate of the process 

increases with temperature. The first order mechanism 

suffered from inadequacies when applied to uranium 

sorption on the Clinoptilolite. One of the major 

discrepancies was observed when qe values obtained 

from the pseudo-first-order plots were compared with 

the experimental qe values are seen in Table 4. The 

experimental qe values differed from the 

corresponding theoretical values. Thus, the interaction 

of uranium with the clinoptilolite does not follow the 

first-order kinetics 

 

 
Figure 8: Lagergren plots for the adsorption of 

uranium 

  

To ensure the description of the kinetics, the second-

order kinetic equation was applied. The pseudo-

second-order kinetics can be represented by the 

following linear equation [30]: 

2

t 2 e e

t 1 1
= + t

q K q q

 
 
 

        (5) 

where k2 is the second-order rate constant (g. mg-1 min-

1). The kinetic plots of t/qt versus t for uranium are 

shown in Figure 9.  

 

The plots show straight lines with good linearity 

temperatures. The calculated correlation coefficients 

are closer to unity for the pseudo-second-order kinetic 

model. The calculated equilibrium adsorption capacity 

(qe) is consistent with the experimental data. The 

k2values show the applicability of the above equation 

for the resin. Therefore the sorption reaction can be 

approximated more favorably by the pseudo-second-

order sorption as the predominant mechanism. 
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Table (4): Effect of temperature on uranium uptake using clinoptilolite 

Contact time, min. Extraction Efficiency,% 

Temp.25Co Temp.35Co Temp.45Co 

5 

10 

15 

20 

30 

40 

50 

60 

90 

120 

33.4 

38.8 

44.6 

52.4 

61.2 

64.8 

73.2 

73.2 

70.6 

66.8 

36.2 

42.8 

47.2 

52.8 

57.0 

58.6 

64.4 

64.4 

61.2 

56.8 

37.8 

43.8 

48.2 

52.4 

55.2 

58.8 

60.6 

60.6 

57.0 

52.4 

 

Table 5: Data of kinetic parameters for uranium adsorption onto clinoptilolite 

Temp, 
oC 

Lagergreen pseudo first-order pseudo second-order 

K1  

(min -1) 

qecal 

(mg/ g) 
R2 

K2  

(min -1) 

qecal 

(mg/ g) 
R2 

25 0.00048 1.631 0.652 0.111 1.810 0.988 

35 0.00035 1.621 0.508 0.376 1.639 0.996 

45 0.00030 1.321 0.424 0.456 1.381 0.991 

 

 
Figure 9: Pseudo second-order plots for the 

adsorption of uranium 

 

Adsorption Isotherm 

Several common adsorption isotherm models were 

considered to fit the attained isotherm data under the 

equilibrium adsorption of the clinoptilolite. Examples 

of these models are Langmuir and Freundlich. 

 

A- Langmuir Isotherm 

Langmuir's model supposes that the adsorption occurs 

uniformly on the active sites of the sorbent, and once 

a sorbate occupies a site, no further sorption can take 

place at this site [30-31].  

Thus, the Langmuir model is given by the following 

equation:  

e e

e 0 0

C 1 C
= +

q bq q
             (6) 

where: qo and b, the Langmuir constants, are the 

saturated monolayer sorption capacity and the sorption 

equilibrium constant, respectively. A plot of Ce/qe 

versus Ce would result in a straight line with a slope 

of 1/qo and an intercept of 1/bqo as seen in Figure 10. 

The Langmuir parameters are given in Table 6. 

 
Figure 10: Langmuir isotherm plot for adsorption 

of uranium onto clinoptilolite 

 

B- Freundlich Isotherm 

The Freundlich model stipulates that the ratio of solute 

adsorbed to the solute concentration is a function of 

the solution. The empirical model was shown to be 

consistent with the exponential distribution of active 

centers, characteristic of heterogeneous surfaces. The 

amount of solute adsorbed at equilibrium, qe, is related 

to the concentration of solute in the solution, Ce, by 

the following:  
1/n

e F eq =K C
                        (7) 

This expression can be linearized to give: 

e F e

1
logq =logK + logC

n        (8) 

where KF and n are the Freundlich constants, which 

represent sorption capacity and sorption intensity, 

respectively. A plot of (logqe) versus (logCe) would 

result in a straight line with a slope of (1/n) and 

intercept of (log KF) as seen in Figure 11. Freundlich 

constants are given in Table 6. 
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Figure 11: Freundlich isotherm plot for 

adsorption of uranium onto clinoptilolite 

 

Comparing the isotherms applied with the 

experimental results, Freundlich gave the best fit, 

while Langmuir isotherms did not fit well.  

 

Thermodynamic Characteristics 

The thermodynamic parameters of the studied 

adsorption process have been determined for uranium 

adsorption upon clinoptilolite. A Series of experiments 

were carried out at various temperatures ranging from 

25 to 58 ºC. These parameters were calculated for this 

system using the following Vanʼt Hoff equation:  

d

ΔS ΔH
log K = -

2.303R 2.303RT
              (9) 

 

whereKd (ml/g), ΔH (KJ/mol), ΔS (J/mol.K), T 

(Kelvin), and R (KJ/K.mol) are the distribution 

coefficient, the enthalpy, the entropy, the temperature 

in Kelvin, and the molar gas constant respectively. The 

plotting of log Kd against 1/T for uranium adsorption 

is shown in Figure 12.  

 
 

Figure 12: Plot of Ln Kd versus 1/T of uranium 

ions onto clinoptilolite 

 

The values of ΔH and ΔS were obtained from the slope 

and intercept of the latter plot while the Gibbs free 

energy, ΔG (KJ/mol), is calculated from the following 

equation:  

ΔG =ΔH-TΔS                 (10) 

The calculated values of the thermodynamic 

parameters for U (VI) adsorption on clinoptilolite is 

given in Table 7. It was found that the enthalpy change 

(ΔH) and the entropy change (ΔG) were calculated to 

be -11.1948KJ/mol and 13.88318KJ/mol respectively. 

Thus, the adsorption process was found to be 

endothermic and non-spontaneous. The increased 

value of ΔS indicates a decrease in the randomness at 

the solid/solution interface during the sorption of the 

metal ion onto the sorbent. 

 

4. Summary and conclusions 

Natural clinoptilolite was characterized by scanning 

electron microscopy (SEM) and X-ray diffraction 

(XRD)Natural clinoptilolite has been used to remove 

uranium from an acidic solution. The batch tests which 

were performed to optimize the uranium adsorption by 

clinoptilolite indicate that 5 mg U/g clinoptilolite 

maximum saturation capacity was attained by 

adjusting the pHat2.5for 60 minutes contact time and 

with clinoptilolite to Liquor ratio of 1/250 at ambient 

temperature. By applyingLagergren equation, the 

sorption reaction can be approximated more favorably 

by the pseudo-second-order sorption as the 

predominate mechanism and the values of k2"second-

order rate constant" indicate that the rate of the process 

decreases with temperature. 

 

Table 6: Langmuir and Freundlich isotherms 

parameters for uranium adsorption onto 

clinoptilolite 

Langmuir model 

parameters  

Freundlich model 

parameters 

qo 

(mg/g) 

b 

(L/mg) 

R2 n Kf 

(mg/g) 

R2 

4.84 0.066 0.991 1.72 2.39 0.886 

 

Table 7: Thermodynamic data for sorption of 

uranium ions onto clinoptilolite 

ΔH 

KJ/mol 

ΔS 

J/mol.K 

ΔG 

KJ/mol 

  

-30.81 -0.1226 -5.7267  

 

A Langmuir isotherm model is suitable for 

the description of the adsorption equilibrium of 

uranium onto clinoptilolite. From the thermodynamic 

parameters, a negative value of ΔH shows that 

uranium adsorption is exothermic and the negative ΔS 

parameter suggests decreasing the system randomness 

at the solid-liquid interface during the adsorption 

process. 
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