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ABSTRACT 
 

The removal performance of some environmental pollutants i.e., heavy metal ions (Co2+, Cu2+ and Mn2+) 
from aqueous solutions was investigated by adsorption process on Linde 4A zeolite (Na from) which obtained 
from Union Carbide, U.S.A. Zeolite pellets used in this work have 20% binder. The optimal parameters affect-
ing the adsorption process were determined. The adsorption of the studied heavy metals was strongly dependent 
on pH, temperature and zeolite dose. The optimum pH for the studied metals was found out to be 6.5. The expe-
rimental data were well fitted by the pseudo-second-order kinetics model for Cu2+ and Mn2+ ions and the pseu-
do-first-order kinetics model for Co2+ ion. The equilibrium data were well fitted by the Langmuir model and 
showed the affinity order: Cu2+ >Mn2+ >Co2+. The sorption rate of metal ions could be significantly improved by 
increasing pH value. Based on the results obtained integrated with scanning electron microscopy analysis it is 
observed that the removal mechanism of metal ions was by adsorption and ion exchange processes. The present 
study showed that the zeolite 4 A was effective in removing some heavy metal ions from aqueous solutions. It 
showed that the adsorption process of metal ions was mainly dependent on the initial concentrations of the metal 
ions and the initial pH of each metal ion solution. 
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Introduction 
 

Heavy metals are one of significant environmen-
tal and occupational concern. They have been re-
leased to the environment through the combustion of 
fossil fuels, metal production, application of phos-
phate fertilizers, electroplating, and the manufactur-
ing of batteries, pigments, and screens. These heavy 
metals have resulted in serious contamination of both 
soil and water. Hence, as a consequence of industrial 
revolution, environmental pollution by heavy metals 
has become one of the major problems that has to be 
solved and controlled [45]. The environmental im-
pacts of manmade sources and anthropogenic activi-
ties including agricultural practices have become of a 
great concern due to the excess use of fertilizers and 
pesticides in addition to the land filling activities 
which increase the bioavailability of heavy metals in 
soil and water [22,42]. The bioavailability and mobil-
ity of these metals in soil strongly depend on soil 
physicochemical properties and the ability of metals 

for sorption with solid phases. Heavy metals are not 
biodegradable and tend to accumulate as metaloor-
ganic complexes in living organisms causing in-
crease in their concentration in biological cycles 
[24,44]. Many of heavy metals are essential for life 
in their trace concentrations, but higher concentra-
tions have various toxic effects. The chemical beha-
vior of heavy metals in soils and water is controlled 
by a number of processes, including metal cation 
release from contamination source materials (e.g., 
fertilizers, sludge, smelter dust, slag, dump sites, 
industrial drainage), cation exchange and specific 
adsorption onto mineral surfaces and soil organic 
matter (OM), and precipitation of secondary minerals 
[26,29,2843].  

Natural zeolite is known for its ion exchange and 
adsorption properties. Ion-exchange processes have 
been widely used to remove heavy metals from 
wastewater and contaminated water due to their 
many advantages, such as high treatment capacity, 
high removal efficiency and fast kinetics 
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[8,10,15,34,17]. Zeolite has the specific ability to 
exchange its cations with metals in the wastewater 
and many researchers have demonstrated that zeolite 
is one of the most frequently studied natural materi-
als which have received extensive attention due to its 
selectivity for heavy metals [32. The adsorption of 
metals ions by ion-exchange using natural zeolite is 
rather affected by certain variables such as pH, tem-
perature, initial metal concentration and contact time 
[10]. 

The objective of this study was to use natural 
zeolite for the adsorption of Co, Cu and Mn ions 
from aqueous solution and to investigate the kinetics 
of the ion exchange process. The results of this work 
supported understanding the nature of the binding 
forces occurred among the studied metals and zeolite 
and to what extent the ionic properties of metals 
could affect the adsorption process. Finally, this 
work sheds some light on the selectivity behavior of 
the studied metals on zeolite and if such behavior can 
be predicted or not.  
 
Materials and Methods 
 
2.1. Adsorbent: 
 

In this study Linde 4A zeolite in Na from was 
obtained from Union Carbide, U.S.A. The purpose of 
bring the zeolite 4A in homoionic form (Na-form) is 
to increase its effectiveness in the sorption of the 
heavy metal ions. Zeolite pellets used in this work 
have 20% binder. 
 
2.2. Adsorbate: 
 

All compounds of the analytical grades were 
used to prepare the reagent solutions. The heavy 
metal solutions were prepared by dissolving a 
weighed quantity of Co2+, Cu2+, and Mn2+ nitrate 
salts in deionized water to have concentrations of 
100 mg L-1 for each metal ion. Before mixing the 
adsorbate (heavy metal solutions) with the adsorbent 
(Linde-zeolite), the initial pH of each solution (pH 4) 
was adjusted by using HNO3 and NaOH solution 
[31,25]. It should be noted that nitrate anions are not 
forming precipitates or complexes with the corres-
ponding metals at the test conditions and are consi-
dered to be inert [19]. In addition, at pH 4, the effects 
of complexing the metal ions with hydroxide ion are 
not significant [3]. It is assumed that the impact of 
adjusting the initial solution pH with HNO3 and 
NaOH solutions in terms of changing the chemistry 
of the solution is not significant. 
 
2.3. Batch sorption experiment: 
 

The batch equilibrium experiments were carried 
out at two temperatures 5 ± 0.5 °C and 25 ± 0.5 °C. 
To find out the optimum pH and construct the equili-
brium isotherms a series of 250 ml conical flasks 

were used. About 0.2 g of zeolite was added into 
different flasks of 100 mg L-1, Co, Cu and Mn and 
stirred intermittently at 600 rpm for 4 h. Then flasks 
have been stoppered and kept for 24 h to achieve 
equilibrium. The effect of pH on removal of the 
tested heavy metals using zeolite was investigated in 
a pH range of 3 to 9 and the optimum pH value, at 
which the maximum adsorption is achieved, was 
identified. In order to investigate the effect of adsor-
bent dose on adsorption capacity, the zeolite amount 
was varied from 0.2 to 4 gm L-1.   
 
2.3.1. Kinetic study: 
 

An amount of 0.2 g zeolite was placed in three 
250 ml stoppered conical flasks and an amount equal 
to 200 ml of Co, Cu and Mn ion solutions of 100 mg 
L-1 was added. The initial pH of heavy metal solu-
tions was adjusted to pH 4 then the solutions were 
stirred at 600 rpm for 4 h.  The samples were centri-
fuged and aliquot of 1 ml supernatant was collected 
from different flasks at different time intervals (from 
5 to 240 min) in order to investigate the cumulative 
adsorption depending on time. The supernatants were 
filtered using 0.45µm filter and the filtrates were 
acidified with 2% HNO3 to decrease the pH value to 
3 in order to avoid any precipitation [31,25] before 
measurements using ICP-MS (Prodigy Spec., Lee-
man Labs, USA).  

 
Results and Discussion 
 
3.1. Effect of pH: 
 

The pH of the aqueous solution is an important 
parameter which controls the sorption process (Elliot 
and Huang, 1981) and metal removal typically in-
creases with increasing pH values [13]. The pH may 
affect the ionization degree of the sorbate and the 
surface property of the sorbent [23]. Chemically, the 
solution pH influences metal speciation. For in-
stance, heavy metal ions may form complexes with 
inorganic ligands such as OH−. The extent of the 
complex formation varies with pH, the ionic compo-
sition and the particular metal concerned. Exposure 
of zeolite surface to water causes the ionization of 
surface hydroxyl groups (Si OH and Al OH). The 
degree of ionization depends on pH, and the ac-
id/base reaction occurring at the hydroxyl groups 
may results in surface charge development [7]. Zeo-
lites are not only influenced by pH but in turn are 
capable of affecting solution pH especially in batch 
system [21] and zeolites tend to have a higher inter-
nal pH. In addition, the zeolite surface may be influ-
enced by the ambient pH which is not equal to the 
external solution pH value and precipitation within 
the channels of zeolites and at the surface of zeolites 
may occur. 

The effect of the solution pH on the removal of 
Co, Cu and Mn ions by zeolite was examined. Based 
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on the solubility product of metal hydroxides [38] the 
pH of precipitation at the tested concentration was 
plotted as illustrated in Fig.1, the pH values were 
varied from 3 to 9 through this experiment. The max-
imum adsorption for Cu was found at pH of 5.7, 
while for Co it was at pH 7.9 and the maximum ad-
sorption for Mn occurred at pH 7.6. It is clear from 
the presented figure that the removal of metal ions is 
a pH dependent process. The adsorption mechanism 
on zeolite surfaces reflected the nature of the physi-
cochemical interaction of the metal ions in solution 
and the active sites of zeolite [32]. The low acidity 
(pH bellow 4) may collapse zeolite structure, espe-
cially that with low Si/Al ratio, but the destruction 
will be more at pH below 3. Biskup and Subotic 
2004, stated that pH below 4.5 is not recommended 
for zeolite. Therefore, the decrease in removal capac-
ity at low pH can be attributed to the collapse of zeo-
lite structure. Out of these reasons and depending on 
the results of Fig. 1 an optimum pH of 6.5 was sug-
gested to carry out the adsorption experiments. 

  

2.2.  Effect of temperature: 
 

Experiments were carried out at two tempera-
tures (5 ºC and 30 ºC) using different heavy metal 
concentrations (20 to 100 mg L-1). The results as 
shown in Fig. 2 revealed that the adsorption of heavy 
metal ions on zeolite surface increased at the higher 
temperature. 
 
2.3.  Effect of zeolite dose: 
 

The amount of the adsorbent showed a pro-
nounced effect on the adsorption of metal ions at the 
optimum pH value (Fig. 3). The removal of the three 
metal ions increased with increasing the amount of 
zeolite. For the three studied metal ions there was a 
substantial increase in adsorption by increasing zeo-
lite amount from 0.2 to 1 g, and then a non pro-
nounced increase in the adsorbed metal ion amounts 
was observed as the zeolite dose was further in-
creased. The maximum adsorption for the studied 
heavy metal ions had the order of Cu�Mn�Co.

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Fig. 1: Effect of pH on adsorption of heavy metals onto zeolite at 25 ºC (±1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Effect of temperature on adsorption of Co, Cu, and Mn onto zeolite 
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Fig. 3: Effect of zeolite amount on heavy metals adsorption at the optimum pH 6.5 (T, 25 ºC, stirring speed, 600 

rpm) 
 
2.4.  Sorption Kinetics: 
 

One or more of the following stages may control 
the rate of adsorption process by pours adsobents 
[30]: (1) solute transfer from the bulk solution to the 
external surface of the sorbent through a liquid 
boundary layer (film resistance); (2) solute transfer 
from the sorbent surface to the intraparticle active 
sites (intraparticle resistance); and (3) interactions of 
the solute with the available sites on both the external 
and internal surfaces of the sorbent (reaction resis-
tance). In this research, the kinetics of sorption that 
defines the efficiency of metal ions removal was 
checked by the pseudo-first-order and pseudo-
second-order equations. 
 
2.4.1. pseudo-first-order kinetic: 
 

A pseudo-first-order equation for the sorption of 
liquid/solid system based on solid capacity was sug-
gested by Lagergren, 1898. This equation assumes 
that the rate of change of sorbate uptake with time is 
directly proportional to the difference in the saturated 
concentration and the amount of solid uptake with 
time. The Lagergren equation is the most widely 
used rate equation in liquid phase sorption. The gen-
eral equation is expressed as: 
 

 
 

where qe and qt are the amounts of metal ions 
adsorbed onto the adsorbents (mg g−1) at equilibrium 
and at time t, respectively. K1 is the rate constant of 

first order (min−1). By plotting log (qe −qt) versus t, 
the first-order constant k1 and the equilibrium capac-
ity qe can be obtained from the slope and intercept, 
respectively. 
The adsorbed amounts of metal ions can be estimated 
from the following equation: 

 
where Co is the initial metal ion concentration 

(mg l-1), Ce the equilibrium metal ion concentration 
(mg l-1), V the volume of the aqueous phase (l), and 
m the amount of the adsorbent used (g). Removal 
efficiency of metal ions by the adsorbent is consi-
dered in percentage as: 
 

 
 
2.4.2. pseudo-second-order kinetic 

 
A pseudo-second-order equation based on the 

amount of sorbed sorbate on the sorbent was devel-
oped by Ho and Mckay, 1999. This equation can be 
applied in different case i.e., if the rate of sorption is 
a second-order mechanism, the pseudo-second-order 
chemisorption kinetics rate equation is expressed as:  

 
For the boundary conditions t=0 to t = t and qt =0 to 
qt = qt, the integrated form of Eq. (4) becomes: 
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which is the integrated rate law for a pseudo-second-
order reaction. Eq. (5) can be rearranged to obtain a 
linear form: 

 
 
The constants can be determined by plotting t/qt 

versus t. The second-order sorption rate constant K2 
(g mg-1 min-1) and qe (mg g-1) can be determined 
from the intercept and the slope of the plot. This 
model is based on the assumption that the rate limit-
ing step may be a chemical sorption involving va-
lence forces through sharing or exchange of electrons 
between the adsorbent and the adsorbate [41]. 

The kinetics of metal ions adsorption onto linde-
zeolite is shown in Fig. 4a and b. It was investigated 
that the pseudo-first-order model fitted well for Co2+ 
ions and the pseudo-second-order model fitted well 
for Cu2+ and Mn2+ ions in the tested sorption system, 
this result is in agreement with the results of [14]. 
The selection of model for fitting the experimental 
data was based on the tendency of the model to esti-
mate the quantity of metal ions removed at the initial 
and the final state of adsorption [14]. The results 
revealed that at the optimum pH value 6.5 the tested 
metal ions Co, Cu and Mn were adsorbed rapidly. It 
is obvious from the illustration (Fig. 4a and b) that 

adsorption increased by increasing temperature from 
5 to 25 ºC. It was observed that at 25 ºC adsorption 
of Cu ion on zeolite surface was higher than at 5 ºC 
by 4 of magnitudes compared with Mn adsorption 
which increased by 3 of magnitudes, while Co ad-
sorption increased by 2 times at the higher tempera-
ture. The results showed that the maximum adsorp-
tion was achieved at the beginning of the second 
hour starting at 80 min for both temperatures. No 
significant adsorption was found after 240 min stir-
ring, the whole time of kinetics experiment. 
 
3.4. Adsorption isotherms 
 

Developing the equation which accurately repre-
sents the results is the most important goal from the 
analysis of the isotherm data. Two equilibrium mod-
els were applied in order to investigate the adsorption 
isotherms i.e., Langmuir and Freuindlich equations, 
which were first used for gas adsorption by micro-
porous adsorbents, and then extended to solute ad-
sorption from aqueous solutions [37,18]. The Lang-
muir isotherm is obtained under the ideal assumption 
of a totally homogeneous adsorption surface, 
whereas the Freundlich isotherm model is suitable 
for a highly heterogeneous surface. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Comparison between measured and modeled time profiles for adsorption of heavy metal ions at pH 6.5  
            (T, 5 ºC (A) and 25 ºC (B) , stirring speed, 600 rpm, V, 100 ml, 0.2 g of zeolite). 
 
3.4.1. Langmuir isotherm: 
 

This isotherm has been successfully applied to 
many adsorption processes [36,2,4,27,6]. The follow-
ing equation represents Langmuir isotherm:  

 
where is the equilibrium aqueous metal ions con-

centration (mg l-1),  the amount of metal ions ad-

sorbed per gram of adsorbent at equilibrium (mg g-1), 
 and b are the Langmuir constants related to the 

maximum adsorption capacity and energy of adsorp-
tion, respectively. The values of  (mg g-1) and b 

(mg-1) can be determined from the linear plot of 
/ versus . 

 
3.4.2. Freundlich isotherm: 
 

This isotherm is most frequently used for de-
scribing the adsorption of inorganic and organic 
components in aqueous solutions [35]. It is an em-
pirical isotherm and can be used for a non-ideal sorp-
tion which involves heterogeneous sorption. 
Freundlich isotherm is expressed as: 
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where K is roughly an indicator of the adsorption 
capacity and 1/n the adsorption intensity. The magni-
tude of the exponent 1/n gives an indication of the 
favourability of adsorption. Values of n, where n > 1 
represent favourable adsorption condition. By plot-
ting log versus log values of K and n can be 

determined from the slope and intercept of the plot. 
For the three studied metal ions, the Langmuir 

model represents a better fit to the data than the 
Freundlich model. The adsorption isotherms of metal 
ions by zeolite 4A are shown in Fig. 5. The good 
agreement of the Langmuir plots with the experimen-
tal data suggests monolayer coverage of metal ions 
on the outer surface of the adsorbent. The values qm 
and b obtained from these plots are listed in Table 1. 
The greatest equilibrium sorption capacity qm was 
obtained for Cu2+, i.e. 56.40 mg g−1, which decreased 
to 39.20 mg g−1 for Mn2+, and 33.23 mg g−1 for Co2+. 
The sorption sequence of metal ions on zeolite 4A 
was as follows: Cu2+ >Mn2+ >Co2+. Factors such as 

crystal structure of zeolite 4A, free energy of hydra-
tion and hydrated radii of the metal ions may be re-
sponsible for the metal selectivity. Zeolites, in gen-
eral, are weakly acidic in nature and therefore so-
dium form exchangers are selective for hydrogen (R 
Na+H2O�RH+Na+ +OH−). This leads to high pH 
values when the exchanger is equilibrated with a 
relatively dilute electrolyte solution [21], making 
feasible the metal hydroxide precipitation. The crys-
tal structure of zeolite 4A contains large cages hav-
ing a near spherical shape and free diameter of 
11.4A°. Each of these cages is connected with six 
neighbouring cages via eight-membered rings (8-
MR) having a crystallographic diameter of 4.1A°. 
The effective pore width of zeolite 4A is 4A°. A 
common factor preventing a group of metal ions 
from being adsorbed by zeolite 4A is the size of the 
hydrated ion. If the hydrated ion size is greater than 
that of the pore, the species may be excluded or some 
of the waters of hydration must be stripped from the 
solvated ions to enable them to enter the pores of the 
zeolite.

 
Table 1: Langmuir parameters for adsorption of metal ions on zeolite 4A 

Metal qm (mg g-1) b (l mg-1) R2 
Co 33.23 1.15 0.975 
Mn 39.20 1.70 0.963 
Cu 56.40 0.78 0.936 

R2 is the correlation coefficient (T, 25ºC; stirring speed, 600 rpm; time, 240 min; pH 6.5; V, 100 ml; m, 0.2 g of zeolite 4A). 

 
3.5. Evaluation of the scanning electron microscopy 
(SEM) analysis: 
 

The results of the batch experiment revealed that 
Cu ion had the maximum adsorption on zeolite. 
Therefore, an analysis of the solid phase was carried 
out using SEM. Figure 6 shows the SEM micro-
graphs of original 4A zeolite Na-form in A, the outer 
and inner surfaces of zeolite after copper exchange in 

B and C, respectively. In Figure 6-A, clear crystals of 
zeolite can be seen easily. However, after copper 
exchange, the outer surface of zeolite was covered 
with different structures (Figure 6-B). Finally, in 
Figure 6-C, although similar structures can be seen in 
the inner surface of zeolite, crystals can still be per-
ceived within the structure, which may indicate that 
slowly diffused copper ions into the zeolite could not 
be spread out easily. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5: Adsorption isotherms of heavy metals on zeolite 4A and modelled results using Langmuir equation (T,  
            25◦C; stirring speed, 600 rpm; time, 240 min; V, 100 ml; m, 0.2 g). 
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Fig. 6: SEM Micrographs of natural zeolite (A), outer surface of zeolite after Cu ion exchange (B), inner surface  
            of zeolite after Cu ion exchange (C) 
 
Conclusion: 
 

Based on the experimental results obtained, it 
can be concluded that the zeolite 4A could be applied 
for treatment of wastewaters. But although adsorp-
tion at solid–solution interfaces is an important 
means for controlling the extent of pollution due to 
industrial or landfill effluents [23]. Due to its high 
cost and loss in regeneration, the use of zeolite as 
conventional adsorbents may not be an economical 
way of treating wastewater compared to the use of 
other conventional methods. 

The present study showed that the zeolite 4 A 
was effective in removing some heavy metal ions 
from aqueous solutions. It showed that the adsorption 
process of metal ions was mainly dependent on the 
initial concentrations of the metal ions and the initial 
pH of each metal ion solution. Generally, sorption 
sequence of metal ions on zeolite 4A was Cu2+ 
>Mn2+ >Co2+. The sorption kinetics of Co2+ ions 
could be best described by pseudo-first-order model 
and ions such as Cu2+ and Mn2+ could be best de-
scribed by pseudo second-order model. The effect of 
pH of the solution could significantly improve the 
sorption rate of metal ions. Adsorption isotherms of 
metal ions could be best modeled by Langmuir equa-
tion. Based on the integration between the data ob-
tained and the SEM analysis it can be observed that 
the removal mechanism of heavy metal ions was by 
adsorption and ion exchange processes. 
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