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ABSTRACT: The removal process of heavy metals in synthetic aqueous effluents by Brazilian natural sorbents 
was investigated to application in wastewater control. We investigated the sorption properties of the natural 
zeolite scolecite, the bentonite NT-25 and two commercial activated carbons. The sorption process of 
chromium(III), nickel(II), cadmium(II) and manganese(II) in synthetic aqueous effluents had been evaluated, 
including sorption isotherms and kinetics of single-metal solutions at 298 K by batch experiments. The sorption 
capacity of scolecite followed the series: Cr > Mn > Cd > Ni, which could be related to such properties as the 
radius of hydration and the hydration enthalpy of the cations. Adsorption of metals by clays is related to the 
cation exchange mechanism and the inner-sphere surface complexes formation. The sorption capacity of 
carbons could be related to complex stability on the surface functional groups, and a great enhancement in the 
sorption of metals occurs according the activation treatment. This study revealed that Brazilian natural materials 
could be used as adsorbents for the metal removal in low concentrations, especially when we consider that 
these materials can be obtained, employed and disposed of with little cost. 
 
RESUMEN: Investigamos el proceso de remoción de metales pesados en efluentes acuosos sintéticos por los 
adsorbentes naturales brasileños para aplicación en el tratamiento de las aguas residuales.  Investigamos las 
características de absorción de la zeolita natural escolecita, de la bentonita NT-25 y de dos carbones activados 
comerciales. El proceso de absorción del chromium(III), del nickel(II), del cadmium(II) y del manganese(II) en 
efluentes acuosos sintéticos había sido evaluado, incluyendo los estudios cinéticos e las isotermas de absorción 
de las soluciones del solo-metal en 298 K por experimentos de la hornada.  La capacidad de absorción de la 
escolecita siguió la serie: Cr > Mn > Cd > Ni, que se podría relacionar con características tales como el radio 
iónico y la entalpía de hidratación de los cationes. La adsorción de metales por las arcillas se relaciona con el 
mecanismo del intercambio catiónico y la formación de los complejos superficiales.  La capacidad de la 
absorción de carbones activados se podría relacionar con la estabilidad de los complexos formados en los 
grupos funcionales superficiales, y un gran realce en la absorción de metales ocurre con el tratamiento de la 
activación.  Este estudio reveló que los materiales naturales brasileños se podrían utilizar como adsorbentes 
para la remoción del metal en bajas concentraciones, especialmente cuando consideramos que estos 
materiales pueden ser obtenidos, empleados y dispuestos con poco costo. 
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INTRODUCTION 

Heavy metals are commonly associated with water pollution and their presence in water bodies can be result of 
effluent discharge from many commercial activities, mainly agricultural and industrial ones, and even those 
related to research and academic activities. The toxicity of these metals is related to kidney, lung and intestinal 
damage and their compounds may reasonably be anticipated to be carcinogens.1,2 Therefore, the potentially 
harmful effects on humans and animals became mandatory the removal of these cations from effluents. The 
removal of heavy metal present in wastewater at high concentrations can be made by chemical precipitation or 
electrochemical methods. However, the metal removal in low concentrations requires more efficient methods, as 
ionic exchange or retention in solids with specific characteristics. In this way, adsorption processes, especially 
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those with low cost exchangers and sorbent materials, as natural zeolites, laminar silicates and charcoal, have 
been studied and currently are being used in a number of industries.3
Zeolites are known as ion-exchange materials where the indigenous charge-balancing cations (typically sodium 
and calcium) are not rigidly fixed to the hydrated aluminosilicate framework and are readily exchanged with 
metal cations in solution. The use of synthetic and natural zeolites for the elimination of heavy metals in water 
has been demonstrated by several authors. They have demonstrated that natural zeolites exhibit excellent 
selectivity for a number of hazardous cations, showing good cation exchange capacities and reaction kinetics, 
besides a very moderate environmental impact. 4, ,5 6

Smectite clays, as montmorillonite, are widely used as industrial adsorbents in the removal of liquid impurities 
and purification of gases. They possess a negative structural charge resulting from isomorphic substitutions in 
the crystal lattice, so their uses as adsorbent are related to cationic exchange.7 Moreover, clays have stable and 
rigid structures, with high surface areas and good physico-chemical properties. 
Activated carbons are extremely versatile adsorbents of major industrial significance, being used in a wide range 
of applications concerned with the removal of species by adsorption from the liquid or gas phase, in the 
purification or the recovery of chemicals. Activated carbons have been used in the treatment of wastewaters, in 
the removal of organic8 and inorganic9 pollutants. 
The retention process is influenced by the characteristics of the metallic species to be removed, the sorvent 
surface and the sorption conditions, such as pH, temperature and stirring. In this work, we demonstrate the 
applications of some natural Brazilian materials in the removal of specific toxic metals from aqueous solutions. 
Natural zeolites were collected from the top of basaltic flows located at the Serra Geral Formation in Paraná 
Basin. The natural Brazilian bentonite, originated from Campina Grande, Paraíba State, and identified as NT-25, 
was tested and the results were compared to those obtained with the Fluka K-10 commercial montmorillonite. 
Finally, two Brazilian commercial activated carbons, obtained from Brascarbo Agroindustrial Ltda. were already 
tested. 
 
EXPERIMENTAL 
Starting Material 
Natural zeolite was obtained from Morro Reuter, State of Rio Grande do Sul, Brazil. The sample identified as 
scolecite has the chemical formula: Na0,26Ca0,95Al2,07Si3,00O10.3H2O. Fluka supplied the montmorillonite K-10 (the 
chemical formula of one half unit cell is Na0.60K0.12Ca0.02(Al1.78Fe0.12Mg0.10)VI(Si3.89Al0.11)IVO10(OH)2). Bentonit 
União Nordeste S.A. provided the bentonite clay mineral, identified as NT-25. The characterization by X-Ray 
Diffraction showed that the montmorillonite is the predominant phase. The formula of one half unit cell is 
Na0.10K0.04Ca0.08(Al1.28Fe0.45Mg0.28)VI(Si3.94Al0.06)IVO10(OH)2. Commercial powder activated carbons were identified 
as carbon A (phosphoric acid activated at 673 K, decolorizing wood carbon) and carbon B (water vapor activated 
at 1073 K, general purpose wood carbon).  
 
Reagents 
Solutions containing metal salts in the form of nitrate, thus chromium(III), nickel(II), cadmium(II), manganese(II) 
and sodium (analytical grade - Aldrich) were used as source of metal ions. Concentrated hydrochloric acid and 
sodium hydroxide (ACS grade, obtained from Merck and Aldrich, respectively) were used for the adjustment of 
pH. Deionized water was used in all experimental work. 
 
Metals Quantification 
The Perkin-Elmer model AA-300 atomic absorption spectrometer (AAS) was used for metals analysis. 
Calibration curves were obtained from 1000 mg L-1 stock solutions (Titrisol, Merck). Five standard solutions were 
used to construct each calibration curve in the linear range. All measurements were repeated three times and 
the standard deviations of valid results were lower than 0,1 mg L-1. 
 
Single-metal Sorption Studies 
Experimental solutions with different metal concentrations were prepared in stopped Pyrex glass flasks, at a 
given temperature and at constant total ion normality in solution. Essentially, 6.0 mL of a solution containing the 
metal of interest with an initial concentration (C0) that varied from 10 to 1000 mg L-1 was mixed with 0.1 g of solid 
sorbent, under magnetic stirring, at 298 K (the upper limit was 5000 mg L-1 when scolecite was tested). After a 
determined time period, the suspension was filtered through a 0.22 µm Millipore PTFE syringe top filter to 
remove any solid particles and the metal solution was analyzed as described above. Preliminary kinetic 
experiments were carried out in systems containing 50 mg L-1 of each metal to ascertain the time required for 
sorption equilibrium. 
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RESULTS 

Scolecite 
 Kinetic studies showed that the rate of metal binding is higher at the beginning, probably due to the high 
number of cation exchange sites that are available on the surface of the scolecite. The results indicated that 
equilibrium was reached after 24 hours of contact between the zeolite and the metal solution. This parameter 
that could be related to diffusional restrictions seem to be strongly conditioned by the zeolite framework 
structure. The dimensions of a channel formed by the tetrahedral units of the scolecite are 2.6 x 3.9 Å,10 while 
the hydrated metal cations have radius varying from 4.04 Å to 4.61 Å.11 Thus it is expected that some of the 
water molecules involved in metal hydration must be removed in order to accommodate the metal ions within the 
zeolite channel. 
Ion exchange isotherms are shown in Fig. 1. The maximum ion retention depends on the initial concentration of 
the solution. It was found the lower C0 of the metal (10–100 mg L-1), that is a great percent of metal removal 
when compared to higher C0 values (100–5000 mg L-1). After 24 h, the chromium removal is total for C0 = 50 mg 
L-1, and reaches 91.5% when C0 is 500 mg L-1. The removal behavior of the other metals is quite different. When 
the C0 is 50 mg L-1, the retention of manganese is 75%, cadmium is 84% and nickel, 96%, but in a system with 
C0 = 500 mg L-1, only 45%, 55% and 39% of the metals, respectively, are removed.  
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Fig. 1. Effect of the initial concentration on the removal of metals: cadmium (■), manganese (○), chromium (●) 
and nickel (□). X/m and Ce represent the in-going ion on the zeolite and the solution concentration in equilibrium, 
respectively. 
 
Clays 
The kinetics of metals removal is fast, showing that this process is poorly influenced by diffusional restrictions. 
The metals uptake is attained within a few minutes. At the first 5 min, more than 95% of metals were retained. 
After that, a slow adsorption process takes place and the equilibrium is then attained within 60 min. 
Single-metal sorption is very influenced by the initial concentration. When K-10 was used as sorbent, after 60 
min contact time cadmium(II) removal reached 49.0% for C0 = 50 mg L-1, which corresponds to 1.46 mg g-1. 
When C0 is 250 mg L-1, cadmium(II) removal was 30.8% (4.28 mg g-1), and with C0 = 1000 mg L-1, the removal 
was 10.4% (5.90 mg g-1). The removal of the manganese(II) is quite different. When C0 is 50 mg L-1, the 
retention of manganese was 48.4% (1.24 mg g-1), with C0 = 250 mg L-1, it was 28.1% (3.87 mg g-1), and with C0 
= 1000 mg L-1, it was 8.1% (4.48 mg g-1). This behaviour is best visualised in the sorption isotherms presented in 
Fig. 2. 
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Fig. 2. Metals sorption isotherms for K-10 (cadmium ( ) and manganese ( )) and NT-25 (cadmium (●) and 
manganese (○)). 
 
Activated carbons 
The kinetic results have shown that equilibrium was reached within first 15 min of contact between the carbon 
and the metals solutions. Single-metal sorption isotherms are presented in Figure 3. It was found that a low 
percentage of metal was removed from solutions by carbon A. Heavy metals removal reaches 9% and 35%, 
respectively for Mn(II) and Cr(III) at starting concentrations C0 lower than 100 mg L-1. Carbon B retains up to 
44% of Mn(II) and 70% of Cr(III) in the same C0 range.  
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Fig. 3. Sorption isotherms for carbon A (Mn ( ) and Cr ( )), carbon B (Mn (∆) and Cr (▲)) and nitric acid 
washed carbon A (Mn (□) and Cr ( )).  
 
 
 
 
 
 
DISCUSSION 

The metals removal by scolecite followed the order: Cr > Mn > Cd > Ni (if we to consider the retention in meq g-1 
there is an inversion between Cd and Ni). Chromium is the unique cation trivalent in this series, and the high 
ionic charge could favor its retention comparing to the other cations. The uptake values obtained for metal ion 
exchange in this study is in accordance with a hard Lewis base characteristic of the scolecite surface. The 
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values of total exchange capacity are smaller than the theoretical cation exchange capacity and show that only 
very small fraction of the exchange sites is available. For example, when the starting concentration was 500 mg 
L-1, the retention obtained was 1.056, 0.979, 0.454 and 0.315 meq g-1, respectively for chromium, manganese, 
nickel and cadmium. The metals removal could be related to several factors that influence the ion exchange 
process, as charge density, hydration energy and ionic radius. Equilibrium uptake data were processed 
according diffusion-controlled models: linear Langmuir and Freundlich isotherms. It was found that the 
equilibrium is best described by the Freundlich isotherm, with correlation coefficients above of 0,99. The Kf 
constant is related to the sorption capacity with respect to a specific solute, and obeys the order: Cr > Mn > Cd > 
Ni. Highly charged ions, as chromium(III), tend to have a higher affinity with the cation exchange sites on the 
zeolite surface, than divalent cations. For manganese(II), cadmium(II) and nickel(II), many parameters are likely 
to affect the ion exchange in natural zeolites, so that the selectivity can be dictated by the energy of hydration of 
the cations (-1,845, -1,806 and -2,106 kJ.mol-1, respectively).12

The sorbent properties of montmorillonite can be explained using the hard-soft acid base principle. Hard Lewis 
acids and bases tend to form outer-sphere complexes and their adsorption occurs preferably in surfaces with an 
excess of negative charges. Papelis and Hayes13 found that, in an adsorption study using X-ray absorption 
spectroscopy, two mechanisms were responsible for divalent metal ion adsorption on smectites. The first one, 
predominant at low electrolyte concentrations, was attributed to complexes formed on the siloxane ditrigonal 
cavities of the permanent charge interlayer. At high electrolyte concentrations, adsorption was attributed to 
metals complexed on the hydroxyl edge sites where the crystal structure is interrupted. Based on this 
interpretation and considering that a significant metal uptake take place within the first 5 min contact time, we 
can suppose that a cation exchange mechanism, occurred at exchange sites located on (001) basal planes, is 
predominant and it is responsible for this fast cation uptake. After this first and fast step, a second sorption 
mechanism must be considered, since it is too slow to be attributed to cation exchange. This second step can be 
related to the inner-sphere surface complexes, formed at the clay edges.14

The lower values of metals uptake by carbon A could be related to its reduced amount of acid groups. The 
relative concentrations of different surface functional groups in activated carbons, determined by Boehm’s 
method,15 indicated a total surface functional groups concentration of only 0.480 meq g-1 for carbon A, while 
carbon B has 2.380 meq g-1. In fact, a simple nitric acid washing of carbon A enhanced the metal adsorption 
capacity, reaching 49% of Mn(II) and 42% of Cr(III) when C0 is lower than 100 mg L-1. We must consider another 
limitation, related to the high microporosity of carbon A, which makes difficult the approach among heavy metals 
cations and sorption specific sites, similar to the behaviour observed when scolecite was used as adsorbent. The 
surface of carbon B is amphoteric and can remove heavy metals cations in quantities higher than carbon A. The 
presence of carboxylic groups on the carbon surface strongly increases the sorption capacity for metal cations 
via an ion exchange mechanism. In fact, the sorption capacities of Mn(II) by Carbon B (c.a. 0.16 mmol g-1) 
correlates reasonably well with the concentration of surface carboxylic groups determined by Boehm method 
(0.345 mmol g-1) assuming a bidentate complex formation. Besides this fact, the higher adsorption capacity for 
Mn(II) instead Cr(III) could be related to the stability of the surface complex formed, as proposed by Rios et al.16 
The interaction between carboxylic groups and metal cations varies accordingly the nature of the cation and the 
formation of chelates is possible by proton substitution in closely located functional groups (lactones and 
phenols).  
 
 
 
CONCLUSIONS 
This study revealed that the natural zeolite scolecite could be used as cation exchanger for the purification of 
contaminated water. The sorption capacity of scolecite for metals at 298 K followed the series: Cr > Mn > Cd > 
Ni. This order could be related to such properties as the radius of hydration and the hydration enthalpy of the 
cations. In spite of the effective adsorption of heavy metals, the equilibrium is only reached after long contact 
times, so it makes difficult its commercial application.  
The sorption on clays is fast and could be related to their bidimensional structure. Two mechanisms could be 
inferred to these results: a cation exchange process occurring at the permanent charge interlayer sites and 
inner-sphere complexes formed on the hydroxyl edges sites. The acceptably high capacity and fast kinetics for 
metal sorption indicates their promising potential for treatment of industrial wastewaters with low concentrations 
of heavy metals. In such cases, this selective cation exchange may provide an economical way of removing 
heavy metals from effluents.  

In a similar way, activated carbons could be used as adsorbents for the metal removal in low 
concentrations. These carbons adsorb small, but significant, quantities of metal species from aqueous solutions. 
The results can be related to ion exchange and surface complex formation among metals cations and oxygen 
atoms from functional surface groups. The sorption of metal ions was substantially improved with the use of 
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water vapor activated carbon, since this treatment increases the amount of oxygen attached in the form of 
different functional groups, especially carboxylic acids, as well as do not enhance the degree of microporosity. 
Significant benefit in the usage of natural materials as adsorbents is evident due to their low cost and 
considerable effectiveness in purifying polluted water. Furthermore, these materials could be used for other 
applications, as precious metal recovery and trace metal enrichment. 
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