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RECYCLING OF OIL FLY ASH IN THE ADSORPTION  
OF DYES FROM INDUSTRIAL WASTEWATER  

Abstract:  The use of oil fly ash after the recovery of heavy valuable metals was investigated. More specifically, 
its use, as an adsorbent of dyes from industrial wastewater, was evaluated. Methylene blue was used as a model 
compound to study the adsorption capacity of the proposed carbonaceous residue from metal recovery treatments. 
The effects of contact time, initial dye concentration, and absorbent dose were investigated. The maximum amount 
of dye was adsorbed after one hour. Moreover, 1-3 g of residues were necessary for the removal of  
200-1000 mg dm–3 from 0.050 dm3 of contacted solution. The Langmuir isotherm model was in good agreement 
with the adsorption equilibrium data, indicating a maximum monolayer saturation capacity of approximately  
40 mg/g at 25 °C. High abatement efficiencies (up to 99 %) were obtained, and the adsorbed dye was released 
almost immediately by re-contacting with water. The adsorption capacity was at least four times lower than that of 
commercially available active carbon. The double treatment of oil fly ash with deionised water and hydrochloric 
acid allows for the extraction of over 85 % of the vanadium, iron, and nickel content in the ash. However, the 
negligible or zero cost of solid residues, otherwise disposed in landfills, indicates their potential as a valid 
alternative. The use of oil fly ash for both recovery of heavy valuable metals and the subsequent removal of dyes 
from wastewater suggest a zero-waste process. 
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Introduction 

Oil fly ash is of great environmental concern. It has little or no economic value and, if 
no other use is possible, it must be disposed of or landfilled. The current waste management 
regulations indicate that landfill disposal is to be used only as a last resort, as it requires an 
increasing number of disposal sites and involves costs that can be significant, especially 
when the waste is hazardous and demands inertisation treatments. The conversion of waste 
into high added-value materials can fulfil economic and environmental requirements of 
current legislation, which establishes a hierarchy of preferences for waste management, 
where recycling and reuse are of fundamental importance, as well as efforts to prevent 
waste production [1]. 

In the last few decades, various investigations and analyses suggested the reutilisation 
and reduction of the amount of oil fly ash [2-5]. Most researches have been focusing on the 
industrial applications of coal fly ash [6, 7] and its safe disposal [8]. In this context, 
published studies are more focused on valuable metals extraction [9-12] and surface 
characterisation [13, 14]. Oil fly ash is a special type of hazardous waste and is produced by 

                                                           
1 Dipartimento di Ingegneria, Università degli Studi di Messina, Contrada di Dio, Messina, 98166, Italy,  
phone +39 090 6765598 
* Corresponding author: Patrizia.Primerano@unime.it 



Patrizia Primerano and Maria Francesca Milazzo 

 

258 

oil fuelled power plants. It contains hazardous metals (mainly vanadium and nickel), mostly 
in the form of soluble bisulphates/sulphates, which are partially released immediately after 
contact with water [15]. For this reason, before landfilling, the waste must be appropriately 
treated to reduce the concentrations of these metals to levels below the legal limits for 
disposal of hazardous waste. This treatment adds further costs to the waste transport, which 
could be avoided if sustainable alternatives for its use were available. 

Primerano et al. [11] developed high-performance technologies for the recovery of 
high added-value vanadium and nickel compounds (vanadium pentoxide, vanadium and 
iron oxide, and nickel and iron oxide) from oil fly ash. The application of these 
technologies to the ash produced by Italian fuel oil power plants could meet the demand for 
vanadium and nickel and reduced the need for hazardous waste disposal. In addition, there 
would be a consequent reduction of costs and the provision of job opportunities. Although 
in the last decade the production of oil fly ash in Italy decreased (from approximately 
40,000 Mg in 2000 to approximately 7,000 Mg in 2009), it cannot be dismissed. Fuel oil 
was the most used fossil energy source until a few decades ago. However, it has been less 
used in recent years and became the third most used source (after natural gas and coal). 
Nevertheless, fuel oil is expected to be used for a long time in thermoelectric power plants. 

After the treatments for the recovery of vanadium and nickel from oil fly ash, a large 
quantity of unburned carbon remains. This residue is usually disposed of in landfills or 
incinerated, but these have related drawbacks [16]. Therefore, the exploitation of these 
carbon residues as such is desirable to fully recycle the oil fly ash. Their use as adsorbents 
could be implemented for this purpose and is in line with recent research that seeks 
alternatives to activated carbon, which is an expensive adsorbent. Currently, the main 
studies suggest the production of adsorbents from natural clay minerals [17-20] agricultural 
waste [21-27] and industrial activities [28-36]. In this scenario, the use of carbonaceous 
residue (from metal recovery treatment) as adsorbent of dyes from coloured wastewater of 
textiles manufacturing has been individuated. 

In this paper, the absorption capacity of this carbonaceous residue towards methylene 
blue (MB) was investigated. MB is a commonly employed dye in textile industries, mainly 
for silk and cotton colouring. It is usually used as a model compound in adsorption studies 
due to its well-known adsorption capacity onto solid materials [34, 37-45]. The salient 
novelty of this work is to enable the use of a residue from a metal recovery treatment as  
an adsorbent. This possibility is an alternative to the oil fly ash landfill disposal, and it 
completes the recovery cycle of its valuable metal components. Therefore, the global 
process aims at minimising waste and fully utilizing the resources [46-49]. These 
adsorption capacities are generally conferred to carbonaceous residues through thermal or 
chemical treatments [2], whereas for other types of residues from waste (i.e. biomass or 
agriculture), a carbonization treatment and subsequent activation is necessary [50, 51]. 

The paper is structured as follows. The following section reports the experimental 
work, which includes the pre-treatments of oil fly ash samples, the treatments for the 
preparation of the adsorbents (which are a by-product of the metal recovery process), the 
adsorption studies, and finally the analyses and characterisation of samples and residues. 
Then a section providing the results and the related discussion is given, and the final section 
reports some conclusive remarks. The whole process presented in this paper, including the 
recovery of valuable metals from oil fly ash and the employment of the residue as it is 
without further treatments for the absorption of dyes, was properly planned to offer the 
following environmental advantages: (i) recycling of hazardous wastes into compounds 
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with high value-added, and (ii) decolouration of industrial wastewater using an adsorbent 
with low cost. 

Materials and methods 

Oil fly ash samples 

Three samples of oil fly ash were collected from the electrostatic precipitators of two 
Sicilian oil-fired plants, i.e. Termini Imerese (TI) and San Filippo del Mela (SFM). They 
were collected over ten years (1994-2005) and labelled according to their provenance (TI, 
SFM320, and SFM160, where the number 320 and 160 refers to the unit inside the plant 
SFM). Two aliquots of each sample were dried at 110 °C for 2 hours before the analysis to 
determine unburnt carbon, vanadium, iron, nickel, magnesium, and sulphur. 

Oil fly ash samples 

Aliquots of the dried samples of oil fly ash were mixed with deionised water, resulting 
in 0.005 dm3/g. The aliquots were kept under stirring conditions for 10 minutes at room 
temperature. After the separation from the liquid phase by filtration, the solid phase was 
stirred for one hour at 90 °C with an HCl aqueous solutions 2 M (1 g of oil fly ash has been 
mixed 0.005 dm3). After that, this solution was filtered and washed with deionised water 
until a neutral pH was reached. The obtained solid residues will henceforth be referred to as 
washed ash (WA), which were labelled WA-TI, WA-SFM320, and WA-SFM160. They 
were dried at 110 °C until they reached a constant weight. WA is the adsorbent whose 
surface was characterised as shown below. 

Preparation of aqueous dye solutions 

MB (molecular weight of 373.9 g/mol) was used as the dye for the adsorption tests.  
It was supplied by Sigma Aldrich. A stock solution of 1000 mg/dm3 of MB was prepared 
by dissolving 1 g of MB in 1 dm3 of distilled water. Experimental solutions with the desired 
concentrations were obtained by successive dilutions. 

Adsorption studies 

To study the adsorption properties, 1-3 g aliquots of each sample of WA were mixed in 
a beaker glass with 0.050 dm3 of MB aqueous solution, resulting in a concentration ranging 
from 200 to 1000 mg/dm3. The sample was constantly stirred and kept at room temperature 
for up to 24 h. At pre-established intervals, 0.005 dm3 aliquots of slurry were collected, 
filtered with a 0.45-micron Millipore filter, and analysed to determine the MB. The solid 
phases obtained from the previous filtration were re-contacted with distilled water, and the 
MB in the liquid phase was determined. 

To determine the uptake capacity of dye by the adsorbent at equilibrium, qe and at any 
time, qt from the aqueous solutions of MB, the following equations were used [52]: 

 ( ) /e o eq C C V S= − ⋅  (1) 

 ( ) /t o tq C C V S= − ⋅  (2) 

where qe is the amount of dye fixed per unit of adsorbent mass at equilibrium [mg/g]; qt is 
the amount of dye fixed per unit of adsorbent mass [mg/g] at any time t; Co, Ce, and Ct are 
the concentration of the dye in the liquid phase [mg/dm3] at the beginning, equilibrium, and 
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any time t, respectively; V is the volume of the dye solution [dm3]; and S is the amount of 
adsorbent used [g]. 

The percentage of dye removal, qr [%], is given by: 

 ( ) / 100r o e oq C C C= − ⋅   [%] (3) 

Three factors varied during the experiments, i.e. Co - initial dye concentration in the 
liquid phase, t - contact time, and S - the absorbent dose. 

The concentration of MB in the filtrates after and before adsorption were determined 
by using a UV/VIS/NIR spectrophotometer (Perkin Elmer Lambda 750) at 664 nm.  
The calibration curve method was used to determine the concentration of MB. The curve 
was constructed with respect to the concentration range 0.5-2.5 mg/dm3 (R2 = 0.997), and 
the detection limit was 0.05 mg/dm3. 

Characterisation 

The samples of ash and WA were characterised, to determine: (a) the total 
concentration of unburnt carbon, vanadium, iron, nickel, magnesium, and sulphur; (b) the 
pore size and specific Brunauer-Emmett-Teller (BET) surface area. 

The analyses for the chemical characterisation were made as indicated in [15]. 
The analyses to determine the pore size and the specific BET surface area were 

performed for the original samples and the solid phases obtained from the leaching 
procedures (WA) through the adsorption of N2 at –196 °C (Micromeritics ASAP 2010). 
The surface area of the sample was determined by using the BET equation. 

Results and discussion 

Effect of contact time on the adsorption equilibrium 

The batch adsorption tests show that equilibrium conditions were reached within one 
hour of contact. The results show more than 99 % of MB abatement efficiency by using the 
WA-TI sample and less than 50 % by using the other two samples (WA-SFM320 and  
WA-SFM160). These removal efficiencies refer to the use of 1 g samples. The MB 
solutions, which were strongly coloured before the contact with the carbonaceous residues, 
became almost colourless after the contact with the WA-TI sample and remained strongly 
coloured in the other two cases. 

Figure 1 shows the effect of contact time on the MB removal by the samples of WA  
(1 g) at room temperature (25 °C). It was observed that the adsorption process is fast in the 
initial stage of the contact period (≈ 1 hour), but it gradually slows down until it reaches 
equilibrium. The fast adsorption in the initial stage was due to the availability of many 
surface sites for the process. Therefore, to assess the decolourising efficiency of each WA 
sample with different concentrations of MB solution, the contact time was set to one hour. 
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Fig. 1. Effect of contact time on dye adsorption: quantities of MB adsorbed by 1 g of oil fly ash residues 

(WA) over 0.5 to 24 h (Co = 500 mg/dm3; S = 1 g; VMB = 0.050 dm3; T = room temperature) 

Effect of initial dye concentration on the adsorption equilibrium 

The effect of initial dye concentration on the removal efficiency of each WA sample  
(1 g) was assessed by varying the concentration of the MB solution from 200 to  
1000 mg dm–3, after setting the contact time to one hour. The results are shown in Figure 2. 
As the initial dye concentration increases, the MB uptake at equilibrium, due to the 
adsorption on WA-TI, WA-SFM320, and WA-SFM320, increases respectively from 10.0 to 
40.1 mg/g, 6.5 to 17.5 mg/g, and 5.7 to 12.9 mg/g. The higher the initial dye concentration, 
the higher the driving force provided to overcome the mass transfer resistance of the dye 
from the aqueous to the solid phase. Moreover, at higher initial dye concentration, the 
number of molecules competing for the available sites on the surface of carbonaceous 
residue is high, resulting in a higher adsorption capacity. Figure 3 shows the efficiency of 
dye removal as a function of initial MB concentration. 
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Fig. 2. Effect of initial dye concentration on dye adsorption: quantities of MB adsorbed by 1 g of oil  

fly ash residues (WA) with initial MB solution between 200 and 1000 mg/dm3 (t = 1 h;  
VMB = 0.050 dm3; T = room temperature) 

 
Fig. 3. Effect of initial dye concentration on removal efficiency (t = 1 h; S = 1 g; VMB = 0.050 dm3;  

T = room temperature) 

Effect of the adsorbent dose on the adsorption equilibrium 

Given the limited adsorption efficiency of WA-SFM compared to WA-TI, the effect of 
adsorbent mass on the decolourising efficiency was assessed only for the WA-SFM320 and 
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WA-SFM160. The analysis was performed by varying the quantity of solids from 1 to 3 g. 
Different concentrations of MB solution (from 200 to 1000 mg/dm3) were tested after 
setting the contact time to one hour. The obtained results are shown in Figure 4a and b. 

 
a) 

 
b) 

 
Fig. 4. Effect of adsorbent dose on dye adsorption: removal efficiency of: a) WA-SFM320 oil fly ash 

residue and b) WA-SFM160 oil fly ash residue, by varying the adsorbent mass from 1 to 3 g and 
the initial concentration of MB solution from 200 to 1000 mg/dm3 (t = 1 h; VMB = 0.050 dm3;  
T = room temperature) 

Adsorption modelling 

Batch experiments were used to derive the capacity of the adsorbent to remove the dye, 
which can be described by isotherms [53-56]. In this study, the experimental equilibrium 
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data for the MB adsorption by the WA samples were modelled and compared using two 
isotherm models, namely the Langmuir and Freundlich isotherms. 

 

 
Fig. 5. Langmuir isotherm plot for the adsorption of MB on different WA samples at 25 °C 

 
Fig. 6. Freundlich isotherm plot for the adsorption of MB on different WA samples at 25 °C 

The Langmuir model considers that adsorption sites are homogeneous, and  
a monolayer dye coverage is assumed when the saturation value is reached [57]. Therefore, 
no further adsorption can occur when these sites are occupied by the dye molecules, and the 
saturation or monolayer capacity is a characteristic parameter for the phenomenon.  
The adsorption is expressed by the following linear equation: 
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= +  (4) 

where Ce,m is the dye concentration in the solution at equilibrium [mol/dm3]; qe,m is the 
amount of dye fixed on the adsorbent at equilibrium [mol/g]; qmax is the monolayer capacity 
of the adsorbent [mol/g]; and KL is the Langmuir adsorption constant [dm3/mol]. 

The Freundlich model considers the adsorbent surface to be heterogeneous, and its 
heterogeneity is expressed by the factor 1/n [57, 58]. The phenomenon is not limited to the 
formation of the monolayer dye coverage. In this case, the saturation is expressed by  
an equation that can be converted into the following linear form: 

 
, ,

1log log loge m F e mq K Cn= + ⋅  (5) 

where KF is the Freundlich adsorption constant [mol/g ·  (dm3 mol–1)1/n]; and 1/n is the 
heterogeneity factor [-]. 

The Langmuir isotherm is represented by the plot Ce,m/qe,m vs. Ce,m, shown in Figure 5, 
which is a line with a slope 1/qmax and intercept 1/(qmax·KL). The Freundlich isotherm is 
represented by the plot log qe,m vs. log Ce,m, given in Figure 6, which is a line with a slope 
of 1/n and intercept KF. 

 
Table 1 

Isotherm parameters for MB removal by using different samples of WA (T = 25 °C) 

Experimental data Results 
Co qe Sample Model Parameter 1 Parameter 2 R2 

[g/dm3] [mg/g] 
0 0 

WA-TI 

Langmuir qmax = 39.93 mg/g KL = 5.02·10–2 dm3/mg 0.9962 0.2 10 
0.35 17.5 
0.5 24.9 

Freundlich 1/n = 0.10 
KF = 2.83·10–4 

(mol g–1) (dm3 mol–1)1/n 
0.9444 0.75 36.5 

1 40.1 
0 0 

WA-SFM160 

Langmuir qmax = 15.13 mg/g KL = 4.53·10–3 dm3/mg 0.9981 0.2 6.5 
0.35 9.1 
0.5 12.3 

Freundlich 1/n = 0.37 
KF = 2.60·103 

(mol g–1) (dm3 mol–1)1/n 
0.9479 0.75 16.3 

1 17.5 
0 0 

WA-SFM320 

Langmuir qmax = 26.61 mg/g KL = 8.13·10–3 dm3/mg 0.9890 0.2 5.7 
0.35 8.9 
0.5 11.2 

Freundlich 1/n = 0.47 
KF = 1.45·103 

(mol/g) (dm3/mol)1/n 
0.9890 0.75 12.1 

1 12.9 

 
The results of the modelling were compared by referring to the adsorption parameters 

of the MB listed in Table 1. The highest correlation coefficients (R2) are approximately 
0.99 and are associated with the Langmuir model. Moreover, the modelling through this 
isotherm was in good agreement with previous studies related to MB adsorption on coal fly 
ash [59] and on bagasse fly ash [60]. The correlation coefficient for the Freundlich model 
was 0.98 for the WA-SFM160 sample and 0.94 for the other two cases. Therefore, this 
model does not present the best fitting data. Consequently, the MB adsorption onto WA 
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cannot be considered a multilayer, and the surface of the adsorbent is likely composed of 
homogeneous adsorption sites. This can also be discussed based on the adsorption 
constants, i.e. the Freundlich constant (KF) for MB dye is very low, whereas the Langmuir 
constants (KL) are high. A good agreement is observed between the qmax predicted by the 
Langmuir model and that obtained from the experimental investigation. 

Characterisation 

The elementary chemical composition of the oil fly ash, including the main 
components, is given in Table 2. In addition to the unburnt carbon, the oil fly ash mainly 
contains metal elements, which are characteristically present in the starting oil and in the 
additives (e.g. Mg). The only identified non-metal element was sulphur(VI) [61]. 

 
Table 2 

Elementary chemical composition of oil fly ashes (weighted percentage of the dried sample [%w]*) 

Sample 
Cunburnt  V Fe Ni S Mg 
[% w] [% w] [% w] [% w] [% w] [% w] 

TI 67 1.64 1.12 0.96 8.03 0.61 
SFM320 34 2.90 2.40 1.40 13.04 10.20 
SFM160 58 2.72 2.79 2.00 8.32 0.71 

* %w = g/100 g of ash 
 
The treatment of each oil fly ash sample with deionised water and hydrochloric acid 

resulted in two liquid phases and one solid phase, which amounted to 30-60 % of the 
original sample. Table 3 shows that the water treatment solubilises over 70 % of the 
metallic content of TI and SFM160 and less than 25 % of SFM320. Their solubility is 
reduced in the presence of magnesium oxide, which is used in power plants to neutralise 
SO3 (in SFM320). The high yields can be attributed to the presence of soluble sulphates of 
the metals [15]. The acidity of the ash decreases, leading to the formation of low soluble 
iron and nickel hydroxides [61]. 

 
Table 3 

Quantities of metal elements extracted by two-stage treatment of oil fly ashes with deionised water  
(0.005 dm3/g, T = room, t = 10 min) and with 2 M HCl (0.005 dm3/g, T = 90 °C, t = 1 h) 

Sample 
Metal element Extracted quantities 

in H2O* in HCl * in H2O + HCl* 

TI 

V 1.31 0.30 1.61 
Fe 0.85 0.15 1.00 
Ni 0.67 0.22 0.89 
Mg 0.45 0.15 0.59 

SFM320 

V 0.23 2.62 2.85 
Fe 0.12 2.04 2.16 
Ni 0.35 0.88 1.23 
Mg 6,85 3.25 10.10 

SFM160 

V 2.25 0.40 2.65 
Fe 1.95 0.67 2.62 
Ni 1.40 0.30 1.70 
Mg 0.55 0.15 0.70 

* g/100 g of ash 
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The elementary composition of the solid phase is given in Table 4. The obtained solid 
residue mainly consists of carbon containing less than 3 % metal elements and sulphur.  
The solubilisation of the mineral fraction was almost complete and caused an increased 
porosity on the carbonaceous residue, as evidenced by the physical characterisation.  
The results of pore size and specific BET surface area are shown in Table 5 and can be 
summarised as follows: 
1. the specific surface area increased more than four times for the WA-TI samples and 

about two times for the other two residues; 
2. the pore volume increased four to five times in all WA residues compared with 

untreated ashes; 
3. the average pore diameter reduced more than 25 %. 

 
Table 4 

Elementary chemical composition of the solid residues after the leaching treatments  
(weighted percentage of the dried sample [%w]*) 

Sample 
Cunburnt  V Fe Ni S Mg 
[% w] [% w] [% w] [% w] [% w] [% w] 

TI 97.3 0.04 0.17 0.10 0.03 0.03 
SFM320 96.4 0.13 0.66 0.47 0.28 0.05 
SFM160 97.8 0.11 0.28 0.50 0.16 0.04 

* %w = g/100 g of ash 
 

Table 5 
BET surface area (BET area), cumulative volume (Vol), and average diameter of pores (AD):  

(a) before and (b) after the leaching treatments 

Sample 
BET area [m2/g] Vol [cm3/g] AD [Å] 

(a) (b) (a) (b) (a) (b) 
TI 11.5 63.5 0.02 0.08 105.3 54.9 

SFM320 9.7 17.1 0.01 0.04 108.5 80.4 
SFM160 10.3 26.9 0.01 0.05 107.9 74.8 

 
The increased porosity of the residues after the treatments justifies the rise on the 

adsorption of elements other than the solubilised mineral components. The different 
behaviour of the TI samples with respect to the other ones might be related to its slightly 
higher mineral content after the leaching treatment, which reduces the number of adsorbent 
sites accessible to the adsorbate. The greater specific surface area of the TI sample (more 
than twofold) compared to the other two residues also corroborates the above explanation 
for the different behaviours of the WA samples.  

The specific adsorption capacities of the WA adsorbents, investigated in this study, are 
at least four times lower than that of commercially available active carbon used for 
adsorption. Therefore, greater quantities of WA are required (compared to active carbon) to 
remove the same amount of dye from wastewater. Nevertheless, the costs of materials are 
significantly lower than those entailed by the use of active carbon. 

Conclusion 

The double treatment of oil fly ash with deionised water and hydrochloric acid allows 
for the extraction of over 85 % of the vanadium, iron, and nickel content in the ash.  
The residue derived from these treatments has a high content of unburnt carbon and 
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presents a specific surface area that is approximately two to four times greater than that of 
untreated samples. The residue also has an MB adsorption capacity from 6 to 40 mg/g for 
solutions of 200 to 1000 mg/dm. The maximum amount of dye was adsorbed after one 
hour. High abatement efficiencies (> 99 %) can be obtained through contact of 1 to 3 g of 
carbonaceous residue with 0.050 dm–3 of MB in the same concentration. The adsorbed 
material is released almost immediately when the residues are re-contacted with water, thus 
allowing for the regeneration of the adsorbent. 

Results show that the Langmuir isotherm model is in good agreement with the 
equilibrium data, indicating a maximum monolayer saturation capacity of approximately  
40 mg/g at 25 °C. The adsorption capacity of the samples used in this study were at least 
four times lower than those of the commercially available active carbons, which are 
commonly used for adsorption purposes. However, the negligible or zero cost of these solid 
residues, otherwise disposed in landfills, suggest that their use is a potential alternative to 
limit their landfilling. 
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