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Potential of granulated modifi ed nanozeolites Y for MTBE removal from 
aqueous solutions: Kinetic and isotherm studies
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Adsorption of methyl tert–butyl ether (MTBE) from aqueous solutions by granulated modifi ed nanozeo-
lites Y was investigated. Nanozeolite Y powders were converted into granulated zeolites and subsequently 
modifi ed with two cationic surfactants (20 mmol/dm3), to be used as adsorbent. Granulated nanozeolites 
were characterized by BET surface area analysis, elemental analysis and X-ray diffractometer. Hexade-
cyltrimethylammonium (HDTMA-Cl) modifi ed granulated zeolite had more effective performance than 
N-cetylpyridinium bromide (CPB) modifi ed granulated zeolite. The most conventional adsorption isotherms 
and kinetic models were applied to describe MTBE adsorption and reaction dynamic, respectively. The 
equilibrium sorption data fi tted the Langmuir 2 isotherm model and the kinetic study was followed the 
pseudo-second-order model. The maximum adsorption capacities for HDTMA-Cl modifi ed zeolite and 
CPB modifi ed granulated zeolite were 333.33 and 142.8 mg/g, respectively as calculated by the Langmuir 
model. This study demonstrated that the removal of mtbe by granulated modifi ed nanozeolites Y is a 
promising technique. 

Keywords: Methyl tert–butyl ether (MTBE), Nanozeolites, Granulation, Modifi cation, Adsorption iso-
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INTRODUCTION

Methyl tert–butyl ether (commonly referred to as 
MTBE) is the most common anti-knocking agent used 
to promote combustion effi ciency1. From a drinking-
water perspective, one of the most important aspects 
of MTBE is its objectionable taste and odor. Due to 
its high water solubility, low Henry’s law constant, and 
slow biodegradability, MTBE is the relatively stable and 
resistant compound in the environment2. However, with 
the widespread use of MTBE, it has become one of the 
most frequently detected underground water pollutants3,4. 
MTBE concentrations in water supplies may be reduced 
by air stripping, photocatalytic degradation, fi ltration, 
advance oxidation, and adsorption5. Among the MTBE 
removal processes, adsorption is believed to be the most 
economic and feasible method for water treatment. In 
addition, absence of undesirable byproducts in drinking 
water is the advantage of using adsorption processes6.

Zeolites are crystalline materials and their structure 
consists of hydrated aluminosilicates of metals from 
group I and group II elements. Structurally the zeolites 
are framework aluminosilicates which are based on an 
infi nitely extending three-dimensional network of (AlO4)-5 
and (SiO4)-4 tetrahedral units linked to each other by 
sharing all of the oxygen. This framework causes negative 
structural charges and a high cation exchange capacity 
(CEC). These characteristics have made the zeolites 
excellent adsorbent materials. Zeolites are divided into 
two main classes, namely, mineral such as clinoptilolite 
and mordenite and the synthetic zeolite such as zeolite 
A, X and Y. Synthetic zeolite Y exhibits a structure 
similar to naturally occurring faujasite types which has 
a 3-dimensional pore structure. The pore diameter of 

zeolite Y is 7.4Å since the aperture is defi ned by a 12 
member oxygen ring, and leads into a larger cavity of 
diameter 12Å. The cavity is surrounded by ten sodalite 
cages connected on their hexagonal faces7.

Nanozeolites particles have higher available surface 
area than the typical zeolites. This availability decreases 
the diffusion path length and on the other hand, it can 
increase the adsorption feasibility8. 

In order to utilize nanozeolites particles as water treat-
ment media in various industrial applications, granula-
tion of nanozeolites with a glue-like media (sodium 
alginate) and consequently removal of this binder media 
by calcination is highly desired. This method is a suit-
able shaping process which would be able to assemble 
these powders into stable aggregates without losing their 
original characteristics9–11.

There have been various attempts to improve the 
surface quality and characteristics of the zeolites by 
modifying them with different techniques12. Modifi cation 
of zeolites and altering their surface chemistry using 
cationic surfactants make the modifi ed zeolites suitable 
for the adsorption of anions and organic materials such 
as petroleum monoaromatics including benzene, toluene, 
ethylbenzene, and xylenes13 and MTBE14.

In this study, a synthetic type nanozeolite Y was granu-
lated by a simple and novel method for the preparation 
of uniform nanozeolite microspheres by utilizing sodium 
alginate as an external template. Then the granulated 
nanozeolites were modifi ed by two cationic surfactants, 
HDTMA-Cl and CPB. The structural characteristics of 
the adsorbents were studied. The adsorption process of 
MTBE by the mentioned adsorbents was investigated. 
Finally, the kinetics and isotherms for MTBE adsorp-
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tion onto the granulated modifi ed nanozeolites Y were 
studied in single solutions.

EXPERIMENTAL SECTION 

Chemicals and Materials
All the chemicals used in this study were of analytical 

grade. MTBE (C5H12O; w=88.15), with >99% purity 
(HPLC grade), supplied by Merck Company, was used 
as adsorbate. The MTBE solutions were prepared by 
deionized water and all adsorption experiments were 
carried out at room temperature (20°C) in batch mode 
at constant pH of 7.1. Deionized water was used eve-
rywhere in this work. Sodium alginate was purchased 
from Sigma-Aldrich and used as an external template 
in the granulation of nanozeolites. Two types of cationic 
surfactants, HDTMA-Cl and CPB were used for the 
modifi cation of zeolites. Both surfactants used in this 
research were obtained from Merck Company. Prior to 
any test, all of the instruments used in this study were 
washed by hot tap water, dichloromethane and deionized 
water respectively, and then dried at 100°C for 45 min. 
The adsorbent used in this study, nanozeolites Y powder 
(50–100 nm), was obtained from Neutrino Company. 

Preparation of Synthetic Solution
A stock solution of MTBE (1g/dm3) was prepared 

by pouring pure MTBE (1.350 cm3) into the  distilled 
water (1000 cm3), and the solution was used for further 
experimental solution preparation. The concentrations, 
ranging from 1 to 200 mg/dm3, were prepared by stock 
solution. The pH solution was adjusted using 0.1M HCl 
or 0.1M NaOH before mixing the adsorbent and the 
MTBE solution.

Adsorbents Preparation 
In this step for the use of nanozeolite Y powder for the 

adsorption of MTBE, we used a novel shaping process 
developed by our group that named granulation11,15. In 
this regard sodium alginate has been used as an external 
template and to increase the mechanical resistance of 
granules a binder material such as clay was added to 
nanozeolite powder. In this method for the prepara-
tion of granulated nanozeolite Y initially two grams of 
nanozeolite powder were blended with clay (20 wt %) 
that poured in 5 cm3 of distilled water and 15 min were 
subjected to intense ultrasonic waves (135 kHz). And for 
the preparation of a 2% by weight of sodium alginate 
gel, 2 g of sodium alginate added to 98 g of water and 
then was well stirred (150 rpm).

In the next stage, the mixture of nanozeolite and clay 
was added to sodium alginate gel. This slurry-like mix-
ture was mixed with a magnetic agitator (150 rpm).  For 
the formation of granules, the above mentioned slurry 
consisting of zeolite, sodium alginate, clay and water was 
poured into a 0.1 M solution of barium chloride and 
after 2 h was washed with distilled water, dried at room 
temperature, and then through calcinations process the 
alginate was completely volatized out and left behind 
spherical granules. The infl uence of different tempera-
tures and the duration of calcinations was investigated. 
But fi nally from the comparison of XRD patterns between 

the granulated nanozeolites and nanozeolite powder we 
chose the best calcination condition of 600°C temperature 
and 5 h duration of calcinations. After the calcination 
process the granules were sieved to the size of 250–420 
μm in order to have a rational comparison of granules 
chosen for further experimental tests.

Instruments 
The granulated nanozeolites were characterized by 

BET surface area analysis (Micromeritics Gemini, 2360), 
X-ray fl uorescence (XRF) (Oxford, ED2000) and X-ray 
diffractometer (XRD, model: XD-5A, Shimadzu). For 
surface morphology investigation of the zeolites, scan-
ning electron microscopy (SEM, model: XL-30, Philips) 
was used. Finally, the produced granules were sieved 
to 0.25–0.42 mm (ASTM sieve size no. 35-60). MTBE 
concentration in water was measured using a Varian 
Gas Chromatograph with a fl ame ionization detector 
and Combipal Headspace auto-sampler system (CP-3800, 
Varian, Australia). For the determination of the solution 
pH, a Metrohm pH meter (827 pH lab, Switzerland) 
was used. To shake the mixtures a reciprocating shaker 
was utilized.

Modifi cation of Adsorbents
The granulated nanozeolite Y were treated using 

HDTMA-Cl (GMN-Y#1) and CPB (GMN-Y#2) solu-
tions with the initial concentration of 20 mmol/dm3 that 
were desirable concentrations according to our recently 
work14. In this regard, 5 g of the granulated zeolite 
was added to a 125 cm3 polyethylene bottle with 100 
cm3 of HDTMA-Cl or CPB solutions. Then the bottles 
were stirred in a reciprocating shaker (20.0±0.5°C; 150 
rpm) for two days. The obtained granulated modifi ed 
nanozeolites Y complex was separated from the mixture 
by vacuum fi ltration and washed out several times with 
deionized water. The modifi ed zeolites were dried in 
ambient air for two days and stored for further use. 

Concentrations and Adsorption Procedure
The ability of GMN-Y for the removal of MTBE from 

aqueous solutions was carried out by a batch technique 
at room temperature (20.0±0.5 °C). The container was 
a 125 cm3 Tefl on-sealed screw cap amber glass with 
100 cm3 solution containing, 1, 10, 20, 50, 100 and 200 
mg/dm3 of MTBE. Then 5 g/dm3 of each previously 
prepared adsorbent (i.e. GMN-Y#1 and GMN-Y#2) 
was added to the solution and the bottles were shaken 
on a reciprocating shaker (150 rpm) for 24 h (the time 
that was found to be suffi cient to reach the adsorption 
equilibrium based on our previous works). After 10 
minutes of sedimentation, the supernatants were put into 
10 cm3 headspace vials. The concentrations of MTBE 
in the supernatant solutions before and after adsorption 
were analyzed using a VARIAN gas chromatograph with 
a fl ame ionization detector and a combipal headspace 
auto sampler system. All adsorption tests were doubled 
run and the averages are reported. Blank samples were 
also carried out using the same conditions except for 
the presence of the adsorbent. The experimental blanks 
showed no signifi cant losses of MTBE due to volatilization 
and adsorption to bottle walls. The adsorption capacity 
of MTBE at equilibrium conditions was determined as 
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below:

 (1)
Where:
qe is the MTBE adsorption capacity (milligrams of MTBE 
per gram of adsorbent), Cin and Ct are the initial and 
equilibrium concentrations of MTBE, respectively (mil-
ligrams per dm3), V is the solution volume (dm3) and 
W is the dry weight of the adsorbent (gram). 

Adsorption Isotherm Studies
Adsorption isotherm experiments were carried out in 

125 cm3 sealed amber bottles at room temperature on a 
reciprocating shaker (150rpm) for 24h to reach adsorp-
tion equilibrium. The two adsorbents (GMN-Y#1 and 
GMN-Y#2) with a constant mass of 0.5 g were mixed 
with 100 cm3 of MTBE solutions by different concentra-
tions of 1, 10, 20, 50, 100 and 200 ppm. After the 10 
minutes sedimentation, samples of 5 cm3 were collected 
from the supernatant and were analyzed for residual 
MTBE concentration.

Adsorption Kinetic Studies
Adsorption kinetics study was done in order to test the 

relationship between contact time and MTBE adsorp-
tion. This step was performed by shaking 0.5 g of each 
adsorbent into 100 cm3 of MTBE solution (50, 100 and 
200 mg/dm3). The mixture was constantly stirred by a 
reciprocating shaker at a speed of 150 rpm for 1 to 24 h. 
The residual concentration of MTBE in the supernatants 
was analyzed fi nally.

RESULTS AND DISCUSSION

Adsorbent Characterization
The chemical composition of nanozeolite Y was SiO2 

43.35%, Al2O3 18.14%, Na2O 9.65%, TiO2 1.08% and 
LOI 23.56%. Fig. 1 and 2 depict the XRD patterns of 

nanozeolite Y and produced granules at different tem-
peratures of calcination. The SEM images of nanozeolite 
Y and produced granules are illustrated in Fig. 3 and 
4. Fig. 5 shows the SEM image of the surfactant modi-
fi ed granulated nanozeolite Y. The BET surface area 
of nanozeolite Y and granulated nanozeolite Y is 705.6 
and 370.8 m2/g, respectively.

Figure 1. XRD pattern of nanozeolite Y

Figure 2. XRD patterns of granulated nanozeolites Y 

Figure 3. SEM image of nanozeolite Y

Figure 4. SEM image of granulated nanozeolite Y

Figure 5. SEM image of surfactant modifi ed granulated na-
nozeolite Y

Adsorption Capacity
The results of MTBE adsorption capacity with two 

types of adsorbent (GMN-Y#1 and GMN-Y#2) are il-
lustrated in Fig. 6. The adsorbents dry weight was 0.5 g. 
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According to the obtained results (Fig. 6), it is obvious 
that GMN-Y#1 is more effective than GMN-Y#2 in any 
concentration. On the other hand, the results showed that 
the adsorption capacity of MTBE was highly concentra-
tion dependent. In different concentrations of MTBE, 
the parameter of adsorption capacity increased with the 
MTBE concentration. The molecules of MTBE at higher 
concentrations play as a driving force and overcome the 
mass transfer resistance between the aqueous and solid 
phases. Therefore, the maximum adsorption capacity of 
GMN- Y took place at higher concentrations of MTBE.

Adsorption Isotherms
Isotherms help to determine the maximum adsorptive 

capacity of the material and to evaluate the mechanism 
of performance of the adsorption system. In addition, 
it allows an evaluation how an adsorption system can 
be improved. Therefore, an Isotherm study is essential 
in improving the use of adsorbent. Several isotherm 
equations have been published in the literature. The 
Langmuir, Freundlich and Temkin models are the most 
widely employed isotherms for modeling the adsorption 
in single-solute systems. In this study, seven most fre-
quently employed isotherm models, namely, Langmuir1–4, 
Fruendlich, Temkin and Dubinin–Radushkevich (D–R) 
were used for the analysis of the obtained data. The 
linear forms and Parameters of seven used isotherms 
are listed in Table 1.

Langmuir Model
The Langmuir isotherm assumes that adsorption takes 

places at specifi c homogenous surfaces of the adsorbent. 
Moreover, the Langmuir isotherm represents a single 
coating layer of the adsorbate on the adsorbent surface20. 
The Langmuir isotherm can be linearized as four differ-
ent types of isotherms as shown in table 1. The isotherm 
constants in the linear equations can be calculated from 
the slope and intercept of the plots between the men-
tioned expressions (table 1). The obtained values of the 
Langmuir isotherm parameters are given in Table 2. The 
results show that the Langmuir correlation coeffi cients 
(R2) are in the range of 0.914 to 0.999. And the values 
of R2 were in the order of Langmuir 2 > Langmuir 1 
> Langmuir 3 and Langmuir 4. Therefore R2 values 
indicate that Langmuir 2 fi ts all of the experimental 
data better than other Langmuir isotherms (Fig. 7). It 
has been found that GMN-Y#1  shows better adsorp-
tion capacity (mg/g) than GMN-Y#2. As calculated by 
the Langmuir 2 model, the maximum adsorption capac-
ity for GMN-Y#1 and GMN-Y#2 is 333.33 and 142.8 
(mg/g), respectively.

On the other hand, the essential characteristic of 
Langmuir isotherm can be obtained from a dimension-
less constant called equilibrium factor (RL). Which RL 
can be defi ned by following equation:

Figure 6. Adsorption capacity of MTBE by GMN-Y#1 and 
GMN-Y#2

Figure 7. Application of Langmuir 2 model to MTBE adsorp-
tion onto GMN-Y#1 and GMN- Y#2

Table 1. Isotherms and their linear expressions
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 (2)
Where:
Ci is the initial concentration of adsorbate (mg/dm3) 
and KL is the Langmuir constant (dm3/mg). The RL 
value indicates the isotherm shape. The RL value in the 
range from zero to one, indicates a favorable adsorption 
condition21. As mentioned in Table 2, the equilibrium 
factor values for the Langmuir isotherm models are in 
the range of 0.002 to 0.965. The RL values indicate that 
adsorption processes of MTBE by GMN-Y are favorable. 
Similar results were obtained for MTBE and even the 
BTEX compounds uptake from water using surfactant 
modifi ed natural zeolites in our previously works13,14.

Freundlich Model
Freundlich model is an empirical method that is suitable 

for the description of an adsorption process in heteroge-
neous systems. On the other hand, the Freundlich model 
represents a multilayer adsorption on the heterogeneous 
surface. The Freundlich isotherm constants (1/n and KF) 
can be calculated by plotting log (qe) versus log (Ce) 
(Table 1). Parameter 1/n is the heterogeneity factor 
that shows the adorability of the adsorption process. KF 
(mg/g(dm3/mg)1/n) is the Freundlich constant or adsorp-
tion coeffi cient15. For other materials it was found that 
the Freundlich kinetic is the best model of describing 
the kinetic data for MTBE removal from water22. The 
parameters of the Freundlich isotherm are presented in 
Table 3. As the results show, the Freundlich correlation 
coeffi cients (R2) for adsorption of MTBE by GMN-Y#1 
and GMN-Y#2 are 0.959 and 0.976, respectively. But in  
comparison with the Langmuir model, the Freundlich 
isotherm model is not fi tted very well by this study’s 
data. It means that, because the R2 obtained from the 
Langmuir isotherm is better than the Freundlich iso-
therm,  the absorption process of MTBE on GMN-Y is 
chemical and makes a monolayer of MTBE molecules 
on adsorbents surface. Moreover, if the value of 1/n 
become below one, the Freundlich model reduces to 

the normal Langmuir isotherm23. Because 1/n values of 
this study are less than one (table 3), we can conclude 
that the Langmuir model is a stronger isotherm than 
the Freundlich model.

Temkin Model
The Temkin isotherm model express that the adsorp-

tion heat of all the molecules in the layer declines 
linearly with coverage due to adsorbent-adsorbate 
interactions18. The Temkin isotherm parameters (BT 
and AT) can be calculated by plotting qe versus ln (Ce) 
(Table 1). Parameter BT (J/mol) is the temkin isotherm 
constant related to the heat of sorption and AT (dm3/
mg) is the equilibrium binding constant, corresponding to 
the maximum binding energy. The results of this model 
are represented in table 3. According to the results, the 
correlation coeffi cients of the Temkin isotherm model 
are lower than the Langmuir and even the Freundlich 
models. Therefore,  the adsorption process of MTBE 
on GMN-Y does not fi t the Temkin Model.

Dubinin–Radushkevich Model
Another isotherm equation that was also used to test 

the experimental data was the Dubinin–Radushkevich 
(D–R) equation. It does not assume a constant sorption 
potential or a homogeneous surface24. The Dubinin–Ra-
dushkevich parameters (E and qs) can be calculated by 
plotting ln qe versus [ln (Cs/Ce)]2 (Table 1). Parameter 
E (KJ/mol) is the mean free energy of sorption per 
adsorbate molecule and qs (mg/g) is the maximum ad-
sorption capacity. Depending on the obtained results 
from the linear regression of Dubinin–Radushkevich 
isotherm (table 3), the correlation coeffi cients of this 
method are even less than the other above discussed 
isotherm models. Therefore, this method does not fi t 
the experimental data.

Adsorption Kinetics
Prediction of the contamination removal rate from 

aqueous solutions is very important and interesting in 
order to design an adsorption treatment plant. Kinetic 

Table 2. Isotherm parameters obtained from the four linear forms of Langmuir model 

Table 3. Isotherm parameters obtained from Freundlich, Temkin and Dubinin–Radushkevich models
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studies are useful for the prediction of adsorption reaction 
rate, modeling and designing the processes. Therefore, 
four most commonly used kinetic methods: pseudo fi rst-
order; pseudo second-order; Intraparticle Diffusion and 
Elovich were used to represent the experimental data. 
The linear forms and Parameters of four employed kinetic 
methods are listed in Table 4. The effect of contact time 
was carried out by ranging from 1 to 24 hours in order 
to perform the kinetic study. And three different initial 
concentrations of MTBE used, which were 50, 100 and 
200 mg/dm3. The solution pH was kept constant at 7.1 
during experiments.

Pseudo First-Order Model
Pseudo fi rst-order kinetics is the one of the earliest 

methods of describing the adsorption rate based on the 
adsorption capacity. The Pseudo fi rst-order parameters 
(k1 and qe) can be calculated by plotting log (qe − qt) 
versus t, as shown in table 4. Parameter k1 (1/min) is 
the fi rst-order adsorption rate constant and qe (mg/g) is 
the maximum adsorption capacity at equilibrium. Table 
5 shows the Pseudo fi rst-order kinetic parameters cor-
responding to MTBE removal by granulated modifi ed 
nanozeolites Y. The obtained values of R2 for the Pseudo 
fi rst-order kinetics (Table 5) show that this model was 
not fi t to the experimental data.

Pseudo Second-Order Model
The pseudo second- order method was explained by 

Ho27 and its adsorption mechanism is relative to chemical 
adsorption. The characteristics of Pseudo second-order 
kinetic are mentioned in Table 4 and the results are 
summarized in Table 5. According to the results, the cor-
relation coeffi cients for both of adsorbents were greater 
than 0.997 (Fig. 8 and Fig. 9). Therefore, the second-order 
equation provided a good fi tting to the experimented 
data in contrast to the pseudo fi rst-order model.

Figure 8. Pseudo second-order adsorption kinetics of MTBE 
on GMN-Y#1

Figure 9. Pseudo second-order adsorption kinetics of MTBE 
on GMN-Y#2

Table 4. Kinetics and their linear expressions

Table 5. Comparison of pseudo fi rst- and second-order kinetics parameters for different GMN-Y and initial concentrations 

Elovich Model
Another rate equation that also used to test the ex-

perimental data was the Elovich Model, which is based 
on the adsorption capacity. The Elovich model is useful 
to describe adsorption processes without the desorption 
of adsorbate28. The constants of the Elovich kinetic (A 
and B) can be obtained from the intercept and the slope 
of the straight line (Table 4). The R2 values obtained 
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by the Elovich model (Table 6) were higher than that 
obtained from the fi rst-order kinetics. But the R2 values 
of the Elovich model are comparable to that obtained 
from the pseudo second-order model.

Intraparticle Diffusion Model
The Weber and Morris sorption kinetic model that 

is the most widely applied intraparticle diffusion equa-
tion25, was employed to analyzing the sorption kinetics. 
According to the R2 values (Table 6), experimental data 
are not following the Intraparticle Diffusion kinetics.

CONCLUSION

Granulated modifi ed nanozeolite Y was used for re-
moval of MTBE. In order to investigate the effect of 
adsorbents modifi cation, granulated nanozeolites were 
modifi ed by two cationic surfactants namely HDTMA-Cl 
and CPB. HDTMA-Cl modifi ed granulated nanozeolite 
showed a better adsorption capacity for MTBE than CPB 
modifi ed samples. Isotherm Studies were performed at 
initial concentrations with the range of of 1 to 200 mg/
dm3. the adsorption capacity (mg/g) of GMN- Y increased 
with the initial concentration of MTBE solutions. It 
means that, maximum adsorption capacity of GMN- Y 
took place at higher concentrations of MTBE, which 
the Langmuir parameters can prove.

The adsorption isotherms of MTBE on GMN-Y were 
well described by the Langmuir 2 adsorption equation. 
The RL values obtained from the Langmuir isotherms 
expressed that adsorption processes of MTBE on GMN-
Y were favorable. The adsorption kinetics for MTBE 
removal from water followed the pseudo-second-order 
kinetic method. The obtained data from the Langmuir 
isotherm and the pseudo-second-order kinetic models 
represent that the absorption process of MTBE on 
GMN-Y is chemical and makes a monolayer of MTBE 
molecules on the adsorbents surface. The monolayer 
adsorption capacity by GMN-Y#1and GMN-Y#2 was 
333.33 and 142.8 (mg/g) respectively, which is comparable 
with the adsorption capacity of other sorbents previously 
studied in other works.

NOMENCLATURE

AT  Temkin constant (dm3/g)
BT  constant related to heat of adsorption (mg/dm3)
Ce  equilibrium concentration in solution (mg/dm3)
Cs  saturation concentration in solution(mmol/dm3)
Ct  equilibrium concentration in solution at time t 
  (mg/dm3)

k1  pseudo fi rst-order rate constant (1/min)
k2  pseudo second-order rate constant (g/mg min)
Kdif intraparticle diffusion rate constant (mg/g min0.5)
Kf  Freundlich isotherm constants (dm3/g)
KL  Langmuir isotherm constants (dm3/mg)
n  adsorption intensity
qe  equilibrium adsorbent concentration on 
  adsorbent (mg/g)
qm  maximum monolayer capacity (mg/g)
qt  adsorbed metal concentration at time t (mg/g)
R2  correlation coeffi cients
RL  Langmuir equilibrium factor
α  initial adsorption rate (mg/g.min)
β  desorption constant (g/mg)
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