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Abstract. In the present study the removal of Cadmium (Cd) from spiked aqueous solutions 
using low quality lignite (LG) was studied. A comparison between the adsorption capacity of 
activated carbon (AC) and lignite is presented, while the enhancement of the adsorption 
capacity, by adding Nano-scale zero valent iron (nZVI) onto AC and LG was investigated. To 
study the enhancement of adsorption capacity, two materials were synthesized (LGFe, ACFe). 
The sorbents were characterized by Scanning Electron Microscopy (SEM-EDX), while their 
sorption efficiency, for Cd removal, was investigated with kinetic and equilibrium studies 
performed in batch conditions. With the proposed procedure nZVI was successfully “loaded” 
onto lignite and Cd removal from solutions reached 90%. The addition of iron nanoparticles in 
organic materials significantly increased adsorptive capacity, which was more drastic in the 
case of lignite. The experiments showed that sorption equilibrium was achieved within 12 h for 
all materials and that maximum adsorption capacity of LG, AC, LGFe, and ACFe was 
25.5mg/g, 30mg/g, 34.7mg/g, and 36.5mg/g, respectively. The results of the equilibrium 
experiments proved to fit better to the Freundlich equation. 

1.  Introduction 
Environmental pollution by heavy metals is a hazard of prime interest and increasing significance. 
Heavy metal ions are released into the environment in a number of different ways and because of their 
accumulation in living organisms form a serious and complex problem that has been a focus of 
attention all over the world.  

As far as surface and groundwater are concerned, heavy metals can be considered among the chief 
pollutants. The concentrations of these toxic elements have to be reduced to meet strict legislative 
standards. The conventional techniques for the removal of heavy metals include ion exchange, 
filtration, electrolytic or liquid extraction, chemical precipitation, reverse osmosis, and membrane 
techniques, [1-7]. In several cases the above mentioned techniques are either economically 
unfavourable or technically complicated making the arena ripe for new methods for treatment of 
metals contaminated water. Among new methods, the utilization of lignite, for the treatment of 
wastewater containing heavy metals, is gaining more attention as a simple, effective and economical 
means of pollution remediation. The mechanism by which metal ions are sorbed onto low rank coal is 
a matter of considerable debate. Various studies have reached to different conclusions, and theories 
related to the matter include ion-exchange, surface adsorption, complexation, chemisorption, and 
adsorption-complexation. Among these theories, ion exchange appears to be the most prevalent 
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mechanism [8]. Although the adsorption capacity of low rank coals is lower in comparison to that of 
other materials, the fact that they are plentiful and inexpensive makes them an attractive and 
inexpensive option for the removal of metals. 

In Greece, there are several lignite deposits of various sizes, with low calorific value that cannot be 
utilized for power generation. Such lignites are rich in mineral matter and therefore possess low 
calorific value. Several studies [9-16] have been undertaken on the non-electric uses of lignite, with 
waste water treatment to be among the promising of them.  

Cadmium is a heavy metal of significant environmental concern. It has been classified as 
carcinogen and teratogen that can impact different human organs. It can be released to the 
environment through different processes including fossil fuels combustion, metal production, 
electroplating, fertilizers application and batteries and pigments manufacturing. There is, therefore, a 
considerable interest in developing techniques to remove cadmium from contaminated water.  Among 
the techniques proposed adsorption onto nanoscale zero valent iron is a particularly attractive and 
promising technique [10-12].  Nanoscale zero valent iron has been reported to possess high sorption 
capacities for different metals while its maximum adsorption capacity iron for Cd2+ was found to be up 
to 770mg/g at room temperature [10]. 

The aim of the present work is to investigate the possibility of using a greek lignite, rich in mineral 
matter, with low calorific value, for the removal of Cd ions from waste water. For comparison reasons 
the adsorption capacity of activated carbon (AC) is also investigated. To study the enhancement of 
adsorption capacity by adding nZVI onto the lignite, two materials, nano-iron doped lignite (LGFe) 
and nano-iron doped activated carbon (ACFe) were synthesized. The sorption efficiency, for Cd 
removal, was investigated with kinetic and equilibrium studies performed in batch conditions. 
Experimental data, produced by sorption isotherm studies, were fitted to the Langmuir and the 
Freundlich equations in order to decide which model describes better the sorption process. 

2.  Experimental 
2.1. Sorbent characterization  
The lignite sample LG was obtained from Drama, northern Greece, from a lignite deposit that cannot 
be exploited for power generation. For comparison purposes the sorption capacity of an activated 
carbon (05105 Sigma Aldrich) sample (AC) was also studied.  

The lignite sample was crushed (Ø<1mm), dried at 45oC for 24h and subsequently pulverized to 
pass through the 0,250 mm sieve. The proximate and ultimate analysis were conducted according 
ASTM D 3173-87 and ASTM D 3176-89 standards respectively, and calorific value was measured 
using an automatic calorimeter (Leco, model A300). The specific surface area of the samples was 
determined with the Nova 2200 apparatus (QuantChrom) according the BET method. Mineralogical 
components were determined by X-ray diffraction (XRD) using a Siemens D500 XRD instrument. 
The data were obtained at 35 kV and 35 mA, with a graphite monochromator, using CuKa radiation. 
The qualitative evaluation of the data was done with the Software Diffrac Plus from SOCABIM. The 
quantitative analysis was carried out by the Rietveld Method [20]. Morphology, texture, and 
composition of the samples were studied by scanning electron microscopy (SEM - EDX,) (Jeol 5400) 
equipped with an energy dispersive X-ray analyzer (INCA energy 300). High vacuum evaporation 
(JEE-4X, Jeol) was applied to form a thin carbon film to make the surface of the specimens 
electrically conductive. 

 
2.2. Synthesis of Nano-iron doped sorbents 
In order to investigate the enhancement of the adsorption capacity of the lignite sample, two sorbents 
doped with Nano-scale zero valent iron, namely Nano-iron doped lignite (LGFe) and Nano-iron doped 
activated carbon (ACFe), were synthesized. Nano-scale zero valent iron (nZVI) was “loaded” onto AC 
and LG by iron reductive precipitation with sodium borohydride. The reducing agent was added 
dropwise to the iron containing solution (1.0MFeCl3) under continuous stirring. A black, rapidly 
settling down precipitate, was immediately formed. After 30min of stirring, the iron-carbon 
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composites were separated by vacuum filtration, washed with acetone three times and dried at 60 oC. 
Both slurry and reducing solution were kept at 2-3 oC (for decreasing the dissolved O2). All reagents 
used were of analytical degree. Iron concentration was determined in the remaining solution in order 
to estimate the iron precipitation yield of the procedure. 

The specific surface area and morphology, texture, and composition of the iron doped samples 
were studied as described above for the lignite sample. 
 
2.3. Sorption experiments 
The sorption efficiency for Cd removal, of the studied sorbents, was investigated with kinetic and 
equilibrium studies performed in batch conditions. All experiments were carried out in duplicate, with 
spiked aqueous solutions as sorbate. The Cd containing solutions were prepared using analytical grade 
nitrate salt (Cd(NO3)2. 4H2O).To analyze the experimental equilibrium data the Langmuir and 
Freundlich models have been tested. 

Initial pH and pH throughout the experiments were determined using a pH meter (model 
InolabLevel1, by WTW).  

 
2.3.1. Kinetic experiments. Batch experiments were conducted, at room temperature, in 400 mL 

plastic beakers, under continuous stirring. In each case 1 g of air dried sorbent and 100 mL of metal 
solution were used. Kinetic experiments were carried out with solutions of initial concentration of 500 
mg/L Cd. After different periods of contact time (0.25h, 0.50h, 0.75h, 1h, 2h, 5h, 12h, 36h) the 
aqueous phase was withdrawn and filtered to determine the residual metal concentration. Cd analysis 
in solutions that were produced after treatment of the lignite sample with deionized water showed that 
there was no leaching from the sorbents. The residual concentration of the elements in the aqueous 
phase was analyzed by Flame Atomic Absorption Spectroscopy. The spectrometer used was the 
“Analyst 100” model by Perkin Elmer. 

 
Table 1. Proximate and ultimate analysis, calorific value and  

main mineralogical components of LG 

Ash (%) 42.2 

Vol. Mat. (%) 67.9 

Fixed C (%) 32.1 

C (%) 61.58 

H (%) 5.35 

O (%) 25.69 

N (%) 2.25 

S (%) 5.13 

Cal. Value (MJ/kg) 23560 

MINERALS %  

Kaolinite 24 

Bassanite 10 

Anhydrite 7 

Quartz 16 

Muscovite/Illite 33 
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2.3.2. Equilibrium experiments. Sorption isotherm studies were conducted by varying the initial 
concentration of the elements from 10 to 1000 mg/L (10, 50, 100, 300, 500, 700, and 1000mg/L). The 
sorption conditions were kept the same as in sorption kinetics and 12 h was chosen as contact time. 
This time was chosen because in previous kinetic experiments it was proved to be sufficient to reach 
equilibrium. The residual concentration of Cadmium in the aqueous phase was determined by Flame 
Atomic Absorption Spectroscopy. 

3.  Results and discussions 
3.1. Sorbents characterization 
Table 1 illustrates the results of proximate and ultimate analysis, as well as the measurement of 
calorific value, and the main mineralogical components for the lignite sample under investigation. The 
results of the specific surface area of the four sorbents are presented on Table 2 while their 
morphology, texture, and composition are illustrated in Figure 1. 

 

Table 2. The specific surface area of the sorbents 

Sample Surface area (m2/g) 

LG 154 

AC 927 

LGFe 109 

ACFe 154 

 

 

Figure 1. SEM secondary image of AC (a), ACFe (b), LG (c) and LGFe (d) with corresponding 
EDS spectrum 
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3.2 Sorption experiments 
3.2.1. Kinetic experiments. The Cadmium removal, by the sorbents, as a function of contact time is 
presented in Figure 2. The kinetic experiments showed that sorption capacity (mg Cd/g sorbent) 
increased rapidly with increasing contact time, while the equilibrium was achieved within 12h for all 
the experiments.  
 

 
Figure 2. Sorption kinetics for the four sorbents. Experimental conditions: sorbent dosage 10g/L, pH 

4.5, temperature 25oC, Cd initial concentration 500mg/L 
 
3.2.2. Equilibrium experiments. The results of the equilibrium experiments are illustrated in Figure 3. 
The sorption isotherms may be considered of H or L type according to the classification of Giles et al., 
1974 [24], indicating that the sorbents studied show high affinity for Cd. The amount of Cd, adsorbed 
on the sorbent samples increased with the increase of initial concentration up to 100 ppm. After this 
concentration no increment is observed, suggesting saturation for the active points on the lignite 
sample. When the initial concentration reaches 1000 ppm less than 50% of the metal added is 
adsorbed (Figure 4).  

 

Figure 3. Sorption isotherms for the four sorbents. Experimental conditions: sorbent dosage 10g/L, 
pH 4.5, temperature 25oC, contact time 12h 
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Figure 4. % sorption of Cd ions, on the sorbents for different initial metal concentration. 

 
 Experimental conditions: sorbent dosage 10g/L, pH 4.5, temperature 25oC, contact time 12h. To 
analyze the experimental equilibrium data and to obtain the maximum adsorption capacity of the 
lignite sample, the Langmuir [25] and Freundlich [26] models have been tested.  

 

The equations used were: 

• q = qmaxbCe/(1+bCe)        (Langmuir),  

• q = KCe 1/n                         (Freundlich), 

where q is the amount of metal ion adsorbed per unit mass of sorbent, Ce is the cation 
concentration at equilibrium, qmax is the maximum adsorption capacity; K is related to the adsorption 
capacity and b, n are constants related to adsorption intensity. For a nonlinear regression, MATLAB 
software was used. Experimental data of the present work were better fitted to the Freundlich equation 
than the Langmuir one, since the correlation coefficient (r2) calculated for the Freundlich equation was 
higher than that for the Langmuir equation (Table 3). The maximum sorption capacities for the 
sorbents LG, AC, LGFe, and ACFe was 25.5 mg/g, 30 mg/g, 34.7mg/g, and 36.5mg/g, respectively. 
These sorption capacities for Cd, are equal or higher than those reported elsewhere [3, 6, 7, 9, 11, 27, 
28].  

Table 3. Langmuir and Freundlich constants 25°C, for the studied sorbents 

 Langmuir Freundlich 

 Qmax 
mg g-1 

b 
L mg-1 

r2 K 
 

n r2 

LG 25.5 86.9 0.897 1.46 2.26 0.917 

AC 30.0 74.3 0.927 1.56 2.12 0.939 

LGFe 34.7 64.3 0.944 1.82 2.08 0.952 

ACFe 36.5 84.3 0.901 1.59 1.98 0.956 
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4.  Conclusions 
With the proposed procedure nZVI was successfully “loaded” onto lignite and activated carbon. Cd 
removal from solutions reached 90%. The addition of iron nanoparticles in organic materials 
significantly increased adsorptive capacity, which was more drastic in the case of lignite. The 
experiments showed that sorption equilibrium was achieved within 12 h for all materials and that 
maximum adsorption capacity of LG, AC, LGFe, and ACFe was 25.5 mg/g, 30 mg/g, 34.7mg/g, and 
36.5mg/g, respectively. The experimental data of the present work were better fitted to the Freundlich 
equation than the Langmuir one. The lignite sample studied is a raw material of low cost, plentiful in 
Greece, with high Cd uptake levels. This combination and the fact that no pH adjustment is required to 
improve its performance as sorbent, make it a promising material for metal contaminated wastewater 
treatment.  

Additional work is required to identify the mechanism of the sorption process, to study the sorption 
of Cd in other forms, then nitrates, and to optimize the whole process. Desorption experiments should 
also performed to check whether Cd can be easily desorbed in order to recycle the sorbent.  
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