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SUMMARY: This paper presents the results of research into the possibility of using zeolites as 
sorbents of petroleum substances. The sorption capacity of natural zeolite clinoptilolite and two 
synthetic zeolites obtained by the conversion of fly ash was determined. The sorbents were 
characterized in terms of the mineral composition (XRD), morphology (SEM), and textural 
properties. In order to estimate the sorption capacity with respect to selected diesel fuels a 
dynamic sorption experiment was performed on columns filled with clinoptilolite and the 
clinoptilolite/Na-P1 and clinoptilolite/Na-X mixtures at the weight ratio of 3:1. The reference 
material used for the investigation was a commercial sorbent Absodan. The best sorption 
properties with respect to the diesel fuels are exhibited by Na-P1, the sorption capacity of which 
was 1.40 g/g for Biodiesel and 1.24 g/g for Verva ON. These values are higher than the sorption 
capacity of commercially used for these purposes mineral sorbent, which amounted to 0.95 g/g 
and 0.80 g/g for the tested oils respectively. 

1. INTRODUCTION 

Petroleum products (gasoline, diesel fuels, motor oils, greases etc.) are one of the main sources 
of environmental pollution these days (Carmody et al., 2008). Progressive industrialization and 
development of automotive industry are undeniably related to an increasing demand for such 
hazardous substances. Crude oil and petroleum substances can get into the environment during 
extracting, transporting, distributing, storing, and using (Wang et al., 2012). Particularly 
hazardous and tragic in consequences are leakages from oil-tankers during disasters, mechanical 
failures or road accidents. This, in turn, leads to an increase in the potential risks associated with 
negative impacts of those petroleum substances on the environment and living organisms 
(Aguilera et al., 2010). In the era of growing industrialization and rising demand for petroleum 
products it is important to search for effective methods and materials for the removal of oil from 
contaminated sites.The most popular methods used for the removal of oil leakages are adsorption 
techniques that use various kinds of adsorbents (Wahi et al., 2013). 
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According to Adebajo et al. (2003) oil-sorbent materials can be categorized into three major 
classes: mineral products, synthetic organic products and natural sorbents. The choice of 
appropriate sorbent depends to a large extent on the location of oil stains (water or solid surface). 
For the removal of petroleum substances spills
 from land surfaces mineral origin sorbents are mainly applied, due to their properties, and ease 
of use. They are stable, chemically inert, and possess a developed specific surface area. They 
sorb and immobilize hazardous substances without giving them back under pressure. Moreover, 
they are economical and possible to utilize. Among natural mineral adsorbents, there can be 
distinguished zeolites. They are porous aluminosilicates with a crystal structure, containing a 
system of channels and chambers. Their structure provides them with unique surface properties; 
such as ion exchange, adsorption, molecular-sieves and catalytic capabilities (Franus, 2012). 
Therefore, those mineral resources are widely used in many fields. So far, a variety of 
applications of natural and synthetic zeolites has been described (Cha
upnik et al., 2013; Franus 
and Wdowin, 2010; Misaelides, 2011; Wdowin et al., 2012; Wdowin et al. 2014a). However, 
zeolites have not been used as sorbents of petroleum substances yet. Their sorption properties 
and porous structure indicate the possibility of their application as adsorbents of this kind of 
substances. 

In this study the sorption of petroleum substances such as diesel fuels on beds filled with 
various zeolite sorbents was investigated. The influence of textural properties and the oils 
physical parameters on the sorption process was analyzed. Additionally, in order to make a 
comparison between zeolites and commonly used sorbents for oil spill removal, the experiment 
was also conducted on beds filled with the commercial sorbent – Absodan. 

2. MATERIALS AND METHODS 

2.1. Materials 

The main material under investigation was zeolitic tuff which came from the Sokyrnytsya 
deposit (the Transcarpathian region, Ukraine). For the study a grain fraction of 0.5-1 mm was 
chosen that was used as a bed for diesel fuels sorption. On the basis of zeolitic tuff the mixtures 
of clinoptilolite and synthetic zeolites at the weight ratio of 3:1 were prepared. The synthetic 
zeolites used in the experiment represented Na-P1 and Na-X types of structure and were 
obtained in accordance with the hydrothermal conversion of fly ash with NaOH. The process has 
been reported before and can be described as follows:  

fly ash + x [mol/dm3] NaOH => zeolite + residuum 

For each type of synthetic zeolite the following process conditions were applied: 

�  Synthesis of Na-X phase: 20 g of fly ash were mixed with 0.5 dm3 NaOH (3 mol�dm-3) for 24 
h at 75 °C (Franus, 2012). 

�  Synthesis of Na-P1 phase: 20 g of fly ash were mixed with 0.5 dm3 NaOH (3 mol�dm-3) for 
24 h at 95 °C (Wdowin et al., 2014b). 

Absodan was used as a reference sorbent. It was purchased from the Danish company 
Damolin. This material is commonly applied for cleaning up various spills of petroleum 
substances which occurs during road accidents. Absodan is an inorganic, mineral sorbent in the 
form of granulate fraction 0.5-1mm. 

The sorbents were dried at a temperature of 110 °C for 12 h to get rid of part of the adsorbed 
water and stored in a desiccator. 
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Two popular diesel fuels Verva ON and Biodiesel B100 were used in this study. They were 
purchased at the PKN Orlen petrol station (Poland). 

2.2. Methods 

Mineral, morphological and textural characterization of the sorbents was performed by X-ray 
diffraction, scanning electron microscopy and low-temperature nitrogen adsorption/desorption 
isotherm.  

The mineral composition of synthetic zeolites was determined via powder XRD using a 
Philips X’pert APD with PW 3020 goniometer, Cu lamp and graphite monochromator from 5 to 
65 ° 2� .  

The scanning electron microcopy analysis was carried out using the electron microscopy - 
FEI Quanta 250 FEG SEM equipped with a chemical composition analysis system based on the 
energy dispersion scattering EDS-EDAX.  

The specific surface area was determined based on the shape of the vapour nitrogen 
adsorption/desorption isotherm at -196.15 ºC, based on the BET multilayer adsorption theory at 
p/p�  between 0.06 and 0.30 (p and p�  are the equilibrium and saturation pressure of nitrogen, 
respectively). It was examined on an ASAP 2020 Micromeritics analyzer. 

Density and dynamic viscosity of the examined oils were determined respectively with the 
use of laboratory pycnometer and rotating rheometer Brookfield R/S + with Lauda Ecoline RE 
206 thermostat, equipped with a digital temperature controller. 

2.3. Sorption experiment 

For the sorption experiments 20 g of each material (clinoptilolite, zeolite mixtures and Absodan) 
was packed into the glass column of 50 cm length and 1 cm internal diameter. The beds were 
poured with oil until the complete saturation of the pores was achieved. Then, the beds were left 
to drain from the excess of petroleum substance under the force of gravity. The amount of sorbed 
oil was calculated from the mass difference before and after oil sorption. The oil sorption 
capacities (Q, g-oil/g-sorbent) of the mineral beds were calculated according to the equation: 
Q=(M2–M1)/M1, where M1 (g) is the initial weight of the sorbent, M2 (g) is the weight of the 
sorbent after oil sorption. Moreover, by using a simple computation, sorption capacity Q (g/g) of 
the synthetic zeolites Na-X and Na-P1 was possible to estimate. The experiment was conducted 
in room temperature and repeated four times with the mean of the four runs used for calculations.  

3. RESULTS AND DISCUSSION 

3.1 Mineralogical and textural properties of the sorbents 

Clinoptilolite  – is recognized by the distinctive distances dhkl = 8.95; 7.94; 3.96; 3.90 Å. Its 
quantitative content is about 75%. Other minerals in the zeolite material are: opal CT, quartz and 
feldspar. The main exchangeable cation is calcium. Natural zeolite forms crystals of thin plates, 
sometimes with a marked hexagonal shape, the size of which is about 10 microns (Figure 1a). 

Na-P1 - the presence of Na-P1 zeolite phase in the reaction products was determined based 
on the main d-spacing dhkl = 7.10, 5.01, 4.10, 3.18 Å. The zeolite content in the reaction products 
was about 80 %. Microprobe chemical analyses showed that sodium is the main exchangeable 
cation in the structure, balancing the charge of the aluminosilicate lattice. Zeolite Na-P1 occurs 
in the form of pillars, making rosette concrescences whose size most frequently exceeds 10 µm 
(Figure 1b). 
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Na-X - the presence of the phase of Na-X zeolite in the reaction products was determined 
based on the main d-spacing dhkl = 14.47, 3.81, 5.73, 8.85, 4.42, 7.54, 4.81, and 3.94 Å. The 
quantitative content of zeolite calculated from X-ray diffraction was about 60 %. Microprobe 
chemical analyses showed that the main exchangeable cation in the zeolite structure is sodium, 
which balances the net charge of aluminosilicate lattice. Zeolite Na-X occurs in the form of 
regular crystals of cube sort and grain sizes from 3-6 µm (Figure 1c). 

Absodan – a commercial product, commonly used for the removal of petroleum substances 
consists of opal/chalcedony, the presence of which is associated with a clear lift of the 
background on the diffraction patterns in the angular range of 15-35 o (2� ) and feldspars with a 
nature of plagioclase, quartz and trace amounts of illite and hematite. Its structure is illustrated in 
Figure 1d.��

Textural parameters such as specific surface area, volume of pores, surface of micro- and 
mesopores, and the average pore diameters of the investigated sorbents are summarized in the 
Table 1. The natural and synthetic zeolites are micro- and mesoporous materials, whereas 
Absodan possesses mainly meso- and macropores. Clinoptilolite was characterized by the 
smallest specific surface area, which was 18.3 m2/g. The specific surface area of Absodan was 
24.1 m2/g. Synthetic zeolites showed much higher specific surface area value of 86.8 m2/g for 
Na-P1 and of 236.4 m2/g for Na-X. 

� �
a) Clinoptilolite 

 
b) Na-P1   

  
c) Na-X d) Absodan 

Figure 1. SEM images of investigated sorbents 
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Table 1 - Textural parameters of investigated zeolites 
SBET – specific surface area, Vmic/Vmes – volume of micropores/volume of mesopores, Smic/Smes – 
surface of micropores/surfacde of mesopores, Dp – average diameter of pores 

Material SBET (m
2/g) Vmic (cm3/g) Smic (m

2/g) Vmes (cm3/g) Smes (m
2/g) Dp (nm) 

Clinoptilolite 18.3 0.005 10.65 0.046 7.68 10.0 
Na-P1  86.8 0.014 32.84 0.323 54.01 14.9 
Na-X 236.4 0.077 173.45 0.214 62.99 3.6 

Absodan 24.1 0.001 2.39 0.089 21.72 16.1 

The studied zeolites differed in the contribution of micro- and mesopores in the surface and 
diameters of mesopores. A significant contribution of the micropores can be observed for the Na-
X material, wherein the average pore diameter is the smallest - 3.6 nm. The diameters of pores in 
Na-P1 and clinoptilolite are larger and are 14.9 and 10.0 nm respectively. Absodan had mainly 
mesopores, the diameter of which was 16.1 nm. 

3.2. Physical parameters of investigated oils 

The determined physical parameters of the oils are listed in the Table 2. It can be seen that 
Biodiesel was characterized by higher density and dynamic viscosity than Verva ON fuel. These 
values were 0.876 g/mL and 0.66·10-7 Pa�s respectively, while the density of Verva ON was 
0.833 g/mL and the dynamic viscosity was 0.36·10-7 Pa�s. 

3.3. Oils adsorption experiment 

The results of oils sorption onto clinoptilolite, zeolite mixtures and Absodan are shown in the 
Table 3. Clinoptilolite bed (20 g) was able to sorb 4.97 g of Verva ON and 4.98 g of Biodiesel. 
The zeolite mixture with Na-P1 was able to sorb 9.91 g of Verva ON and 10.72 g of Biodiesel. 
The mixture with Na-X sorbed slightly less of petroleum substances than the fixed bed with  
Na-P1 - about 8.29 g of Verva ON and 9.37 g of Biodiesel. It can be noticed that a small addition 
(25 %) of synthetic zeolite can significantly improve the sorption capacity of the mineral bed 
(about twice). The bed filled with the commercial sorbent Absodan sorbed 15.45 g of Verva ON 
and 16.93 g of Biodiesel.  

Table 2 -  Physical properties of examined oils 

Oil type Density (g/mL) Viscosity (Pa·s) 
Verva ON 0.833 0.36·10-7 

Biodiesel 0.876 0.66·10-7 
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Table 3 -  Average mass of oils (g) sorbed by 20 g of the bed 
Bed Verva ON Biodiesel 
Clinoptilolite 4.97 4.98 
Mixture of clinoptilolite and Na-P1 9.91 10.72 
Mixture of clinoptilolite and Na-X 8.29 9.37 
Absodan 15.45 16.93 
The calculated values of sorption capacity Q (g/g) for clinoptilolite, synthetic zeolites and 
Absodan are given in the Table 4. Sorption capacity for the synthetic zeolites was estimated on 
the assumption that they are not a component of mixtures with clinoptilolite, wherein their 
content was 25% by mass, but they constitute 100% of the mineral bed. It can be observed that 
the estimated sorption capacities of synthetic zeolites are slightly higher than the sorption 
capacity of the commonly used mineral sorbent Absodan. 

The textural parameters of the materials, especially specific surface area and diameters of 
pores, are responsible for the sorption capacities of the examined mineral beds. Total SBET is 
built by the surface of meso- and micropores, but micropores are not accessible for large 
particles of petroleum substances. The sorption of oils on the mixed zeolite beds is higher than 
on the clinoptilolite bed because of higher specific surface area of the synthetic zeolites. 
However, despite higher SBET of Na-X, the sorption capacity for clinoptilolite/Na-X mixed bed is 
lower than for clinoptilolite/Na-P1. It is due to the fact that the specific surface area of Na-X is 
built in majority by micropores, which are too small for oils particles. Moreover, according to 
the average pore width (ASAP report), the pores of Na-X are thinner than those of Na-P1 (Na-X 
– 3.6 nm and Na-P1 – 14.9 nm). What is more, petroleum substances are characterized by high 
values of dynamic viscosity. This parameter expresses a fluid resistance to flow. Thus, the 
sorption process into the depth of pore structure of the materials is hindered. Na-P1 is 
characterized by a larger diameter of pores and the largest part of its surface area takes part in the 
process of oil sorption.  

Absodan is characterized by a slightly higher surface area than clinoptilolite. However, its 
ability to sorb oil subtsances was much better. This is due to the texture properties of Absodan, 
which is much different from that of the tested zeolites. Absodan possesses practically no 
micropores, and its specific surface area includes mainly mesopores and macropores. Moreover, 
the average pore diameter of the material is the highest of the studied sorbents - 16.1 nm. 
Additionally, in the oil sorption process there are involved free voids present in the structure of 
the granules of this material. These voids of the macropores nature are able to sorb and 
immobilize large molecules of oil petroleum substances. Taking into account these 
dependencies, it could be assumed that oil sorption process has physical nature and occurs 
mainly on the external surface of the examined materials. 

It can be observed that the sorption capacity of mineral beds increased with the increase of oil 
density. Thus, the sorption capacity was lower for Verva ON and higher for Biodiesel. The time 
needed for draining depended on both: the type of material and the type of oil. For clinoptilolite 
it was about 6 hours, whereas the zeolite mixtures drained for about 24 hours. The form of 
clinoptilolite and Absodan was a granulated fraction, whereas the synthetic zeolites were in the 
powder form. In consequence, the time needed for complete saturation of the fixed zeolite beds 
was much longer than for the clinoptilolite and Absodan beds. The differences in duration 
reflected the speed at which the oil penetration reached the equilibrium state. Moreover, Verva 
ON runs down through the beds slightly faster than Biodiesel. These differences arise from the 
dynamic viscosity of the petroleum substances. More viscous oil (Biodiesel) penetrates the pores 
of the mineral bed with lower speed and thus, the entire saturation of pores and equilibrium is 
reached after a longer period. 
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Table 4 -  Calculated sorption capacity (g/g) of zeolites and Absodan 
Material Verva ON sorption (g/g) Biodiesel sorption (g/g) 
Clinoptilolite 0.25 0.25 
Na-P1 1.24 1.40 
Na-X 0.91 1.17 
Absodan 0.80 0.95 

4. CONCLUSIONS 

The sorption rate of the investigated substances is affected mainly by the texture of the sorbent 
and also by the physical parameters of sorbates. It can be concluded that the oil with higher 
density was sorbed in slightly larger amounts than that with a lower density. Besides the specific 
surface area, the sorption capacity of the material is also affected by the diameter of pores. The 
narrow pores are less accessible for viscous substances and macromolecular substances such as 
oils. Clinoptilolite was characterized by the smallest sorption properties with respect to the tested 
substances. This is due to the fact that it has a small surface area and relatively narrow pores. 
The synthetic zeolites have proved to be the most effective sorbents. High sorption capacity is 
due to a larger surface area. Already 25 % of the synthetic zeolite additive to the filling mixture 
with clinoptilolite significantly improved sorption effectiveness of the bed. The material Na-P1 
showed a relatively higher sorption capacity than Na-X. This is due to the wider pore diameter of 
Na-P1. 

The analyses indicate the potential use of synthetic zeolites from fly ash for the removal of oil 
spills. The synthetic zeolites Na-P1 and Na-X exhibit a similar or slightly better sorption 
capacity than the commercial sorbents used for such purposes. They can be an individual 
sorbent, or as presented in the paper – they can be used as an additive for enhancing sorption 
abilities of the product.  
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