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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 heaajuable metals was investigated. More specifjcall
its use, as an adsorbent of dyes from industrizteveater, was evaluated. Methylene blue was usednasdel
compound to study the adsorption capacity of tleppsed carbonaceous residue from metal recoveainients.
The effects of contact time, initial dye concerntmat and absorbent dose were investigated. Thermariamount
of dye was adsorbed after one hour. Moreover, 1-®f gresidues were necessary for the removal of
200-1000 mg dii from 0.050 drfi of contacted solution. The Langmuir isotherm modas in good agreement
with the adsorption equilibrium data, indicatingneaximum monolayer saturation capacity of approxatyat
40 mg/g at 25 °C. High abatement efficiencies @®% %) were obtained, and the adsorbed dye weaased
almost immediately by re-contacting with water. Husorption capacity was at least four times lavan that of
commercially available active carbon. The doubdatment of oil fly ash with deionised water and rogthloric
acid allows for the extraction of over 85 % of trenadium, iron, and nickel content in the ash. Hexethe
negligible or zero cost of solid residues, otheewidisposed in landfills, indicates their potengal a valid
alternative. The use of oil fly ash for both reagvef heavy valuable metals and the subsequentvahad dyes
from wastewater suggesizero-waste process.
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Introduction

Oil fly ash is of great environmental concern. dsHittle or no economic value and, if
no other use is possible, it must be disposed tH#ratfilled. The current waste management
regulations indicate that landfill disposal is ® lsed only as a last resort, as it requires an
increasing number of disposal sites and involvestscthat can be significant, especially
when the waste is hazardous and demands inertigaéiatments. The conversion of waste
into high added-value materials can fulfil econoraitd environmental requirements of
current legislation, which establishes a hieraroffiypreferences for waste management,
where recycling and reuse are of fundamental inapog, as well as efforts to prevent
waste production [1].

In the last few decades, various investigations amalyses suggested the reutilisation
and reduction of the amount of oil fly ash [2-5]oM researches have been focusing on the
industrial applications of coal fly ash [6, 7] aitd safe disposal [8]. In this context,
published studies are more focused on valuable Isnetetraction [9-12] and surface
characterisation [13, 14]. Oil fly ash is a spetygle of hazardous waste and is produced by
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oil fuelled power plants. It contains hazardousatsetmainly vanadium and nickel), mostly
in the form of soluble bisulphates/sulphates, whioh partially released immediately after
contact with water [15]. For this reason, beforedFlling, the waste must be appropriately
treated to reduce the concentrations of these shétalevels below the legal limits for
disposal of hazardous waste. This treatment adtisefucosts to the waste transport, which
could be avoided if sustainable alternatives ®uge were available.

Primerano et al. [11] developed high-performanahnelogies for the recovery of
high added-value vanadium and nickel compoundsagiam pentoxide, vanadium and
iron oxide, and nickel and iron oxide) from oil flgsh. The application of these
technologies to the ash produced by Italian fugbower plants could meet the demand for
vanadium and nickel and reduced the need for hamardiaste disposal. In addition, there
would be a consequent reduction of costs and theigion of job opportunities. Although
in the last decade the production of oil fly ashltaly decreased (from approximately
40,000 Mg in 2000 to approximately 7,000 Mg in 2G®cannot be dismissed. Fuel oil
was the most used fossil energy source until adevades ago. However, it has been less
used in recent years and became the third most smate (after natural gas and coal).
Nevertheless, fuel oil is expected to be used fong time in thermoelectric power plants.

After the treatments for the recovery of vanadiumd aickel from oil fly ash, a large
quantity of unburned carbon remains. This residuesually disposed of in landfills or
incinerated, but these have related drawbacks [Lbgrefore, the exploitation of these
carbon residues as such is desirable to fully leaym® oil fly ash. Their use as adsorbents
could be implemented for this purpose and is ir limith recent research that seeks
alternatives to activated carbon, which is an espenadsorbent. Currently, the main
studies suggest the production of adsorbents fratural clay minerals [17-20] agricultural
waste [21-27] and industrial activities [28-36]. tims scenario, the use of carbonaceous
residue (from metal recovery treatment) as adsérbedyes from coloured wastewater of
textiles manufacturing has been individuated.

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

The paper is structured as follows. The followiregt®n reports the experimental
work, which includes the pre-treatments of oil #igh samples, the treatments for the
preparation of the adsorbents (which are a by-prodiithe metal recovery process), the
adsorption studies, and finally the analyses arataciterisation of samples and residues.
Then a section providing the results and the reldiscussion is given, and the final section
reports some conclusive remarks. The whole progessented in this paper, including the
recovery of valuable metals from oil fly ash an@ #mployment of the residue as it is
without further treatments for the absorption okslywas properly planned to offer the
following environmental advantages: (i) recyclinf mzardous wastes into compounds



Recycling of oil fly ash in the adsorption of dyiesm industrial wastewater 25¢

with high value-added, and (ii) decolouration odlustrial wastewater using an adsorbent
with low cost.

Materials and methods

Qil fly ash samples

Three samples of oil fly ash were collected from #hectrostatic precipitators of two
Sicilian oil-fired plants, i.e. Termini Imerese JTdnd San Filippo del Mela (SFM). They
were collected over ten years (1994-2005) and ledbelccording to their provenance (T,
SFM320, and SFM160, where the number 320 and 1fédsréo the unit inside the plant
SFM). Two aliquots of each sample were dried at ™ @or 2 hours before the analysis to
determine unburnt carbon, vanadium, iron, nickelgnesium, and sulphur.

Oil fly ash samples

Aliquots of the dried samples of oil fly ash weréxed with deionised water, resulting
in 0.005 dn¥g. The aliquots were kept under stirring condisidar 10 minutes at room
temperature. After the separation from the liquichge by filtration, the solid phase was
stirred for one hour at 90 °C with an HCI aqueaalstions 2 M (1 g of oil fly ash has been
mixed 0.005 drf). After that, this solution was filtered and wagheith deionised water
until a neutral pH was reached. The obtained sekilues will henceforth be referred to as
washed ash (WA), which were labelled WA-TI, WA-SF&03 and WA-SFM160. They
were dried at 110 °C until they reached a constaight. 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 dye for the adsorption tests.
It was supplied by Sigma Aldrich. A stock solutioh1000 mg/dri of MB was prepared
by dissolving 1 g of MB in 1 dirof distilled water. Experimental solutions witrettesired
concentrations were obtained by successive dilstion

Adsorption studies

To study the adsorption properties, 1-3 g aliqudtsach sample of WA were mixed in
a beaker glass with 0.050 disf MB aqueous solution, resulting in a concentratianging
from 200 to 1000 mg/dinThe sample was constantly stirred and kept anronperature
for up to 24 h. At pre-established intervals, 0.@DE aliquots of slurry were collected,
filtered with a 0.45-micron Millipore filter, andnalysed to determine the MB. The solid
phases obtained from the previous filtration wereantacted with distilled water, and the
MB in the liquid phase was determined.

To determine the uptake capacity of dye by the dodsu at equilibriumg. and at any
time, g; from the aqueous solutions of MB, the followinguatjions were used [52]:

q.=(C,-C)WV/S (1)
q=(C,-C)V/S )

whereq, is the amount of dye fixed per unit of adsorbeassat equilibrium [mg/gly, is
the amount of dye fixed per unit of adsorbent njaggg] at any time; C,, C,, andC, are
the concentration of the dye in the liquid phasg/fint] at the beginning, equilibrium, and
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any timet, respectivelyV is the volume of the dye solution [dnand Sis the amount of
adsorbent used [g].
The percentage of dye remowval [%)], is given by:

g =(C,-C,)/C,100 [%] 3

Three factors varied during the experiments, Cg- initial dye concentration in the
liquid phaset - contact time, an& - the absorbent dose.

The concentration of MB in the filtrates after amefore adsorption were determined
by using a UV/VIS/NIR spectrophotometer (Perkin Efm_Lambda 750) at 664 nm.
The calibration curve method was used to deterrtiireconcentration of MB. The curve
was constructed with respect to the concentratmge 0.5-2.5 mg/di(R? = 0.997), and
the detection limit was 0.05 mg/dm

Characterisation

The samples of ash and WA were characterised, terrdme: (a) the total
concentration of unburnt carbon, vanadium, iroekei, magnesium, and sulphur; (b) the
pore size and specific Brunauer-Emmett-Teller (BErface area.

The analyses for the chemical characterisation wer@e as indicated in [15].

The analyses to determine the pore size and theifispBET surface area were
performed for the original samples and the solichgsels obtained from the leaching
procedures (WA) through the adsorption of & —196 °C (Micromeritics ASAP 2010).
The surface area of the sample was determinediby tiee BET equation.

Results and discussion

Effect of contact time on the adsorption equilibrium

The batch adsorption tests show that equilibriumdi@t@mns were reached within one
hour of contact. The results show more than 99 ¥dBfabatement efficiency by using the
WA-TI sample and less than 50 % by using the other samples (WA-SFM320 and
WA-SFM160). These removal efficiencies refer to thee of 1 g samples. The MB
solutions, which were strongly coloured before ¢batact with the carbonaceous residues,
became almost colourless after the contact withvit#e Tl sample and remained strongly
coloured in the other two cases.

Figure 1 shows the effect of contact time on the MBoval by the samples of WA
(1 g) at room temperature (25 °C). It was obsethat the adsorption process is fast in the
initial stage of the contact period (L hour), but it gradually slows down until it rées
equilibrium. The fast adsorption in the initial ggawas due to the availability of many
surface sites for the process. Therefore, to ashesdecolourising efficiency of each WA
sample with different concentrations of MB solutitime contact time was set to one hour.
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Fig. 1. Effect of contact time on dye adsorptionantities of MB adsorbed by 1 g of oil fly ash tegs
(WA) over 0.5 to 24 h@, = 500 mg/dr S = 1 g:Vyys = 0.050 driy T = room temperature)

|

Effect of initial dye concentration on the adsorpton equilibrium

The effect of initial dye concentration on the resoefficiency of each WA sample
(1 g) was assessed by varying the concentratiorthef MB solution from 200 to
1000 mg drit, after setting the contact time to one hour. Tésailts are shown in Figure 2.
As the initial dye concentration increases, the Miake at equilibrium, due to the
adsorption on WA-TI, WA-SFM320, and WA-SFM320, iaases respectively from 10.0 to
40.1 mg/g, 6.5 to 17.5 mg/g, and 5.7 to 12.9 m@kege higher the initial dye concentration,
the higher the driving force provided to overcorhe mass transfer resistance of the dye
from the aqueous to the solid phase. Moreover,igieh initial dye concentration, the
number of molecules competing for the availablessibn the surface of carbonaceous
residue is high, resulting in a higher adsorptiapacity. Figure 3 shows the efficiency of
dye removal as a function of initial MB concentoati
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Fig. 2. Effect of initial dye concentration on dgdsorption: quantities of MB adsorbed by 1 g of oil
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Fig. 3. Effect of initial dye concentration on revab efficiency { = 1 h;S = 1 g;Vys = 0.050 drf

T = room temperature)

Effect of the adsorbent dose on the adsorption edibrium

Given the limited adsorption efficiency of WA-SFMropared to WA-TI, the effect of

adsorbent mass on the decolourising efficiency agagssed only for the WA-SFM320 and
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WA-SFM160. The analysis was performed by varying gluantity of solids from 1 to 3 g.
Different concentrations of MB solution (from 200 1000 mg/dr) were tested after
setting the contact time to one hour. The obtanesdlts are shown in Figure 4a and b.

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

residue and b) WA-SFM160 oil fly ash residue, byyireg the adsorbent mass from 1 to 3 g and
the initial concentration of MB solution from 200 1000 mg/dri(t = 1 h;Vys = 0.050 dri

T = room temperature)

Adsorption modelling

Batch experiments were used to derive the capatitye adsorbent to remove the dye,
which can be described by isotherms [53-56]. I8 #tudy, the experimental equilibrium
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data for the MB adsorption by the WA samples wermdlelled and compared using two
isotherm models, namely the Langmuir and Freund$iotherms.
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Fig. 5. Langmuir isotherm plot for the adsorptidriMB on different WA samples at 25 °C
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Fig. 6. Freundlich isotherm plot for the adsorptaMB on different WA samples at 25 °C

The Langmuir model considers that adsorption sitge homogeneous, and
a monolayer dye coverage is assumed when the Satuvalue is reached [57]. Therefore,
no further adsorption can occur when these sie®ecupied by the dye molecules, and the
saturation or monolayer capacity is a characteriparameter for the phenomenon.
The adsorption is expressed by the following lireguation:
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Ce,m - 1 + Ce,m (4)
qe qmax K L qmax

where C,, is the dye concentration in the solution at efiilim [mol/dn?]; gen is the
amount of dye fixed on the adsorbent at equilibrfoml/g]; dmex IS the monolayer capacity
of the adsorbent [mol/g]; ar€ is the Langmuir adsorption constant ffmol].

The Freundlich model considers the adsorbent suirfacbe heterogeneous, and its
heterogeneity is expressed by the factor[&7, 58]. The phenomenon is not limited to the
formation of the monolayer dye coverage. In thisecathe saturation is expressed by
an equation that can be converted into the follgviimear form:

logq, , = logK; + % [ogC, , )

where K is the Freundlich adsorption constant [mol/g - {dno)'™; and 1h is the
heterogeneity factor [-].

The Langmuir isotherm is represented by the @Glo¥dem vS. Cem, Shown in Figure 5,
which is a line with a slope 44« and intercept 1¢(.-K.). The Freundlich isotherm is
represented by the plot lag, vs. logCe, given in Figure 6, which is a line with a slope
of 1/n and intercepKe.

Table 1
Isotherm parameters for MB removal by using différgamples of WAT = 25 °C)
Experimental data Results
Co Qe 2
Sample Model Parameter 1 Parameter 2 R
[g/dm | [mglg] P
0 0
0.2 10 Langmuir | g = 39.93 mg/g| K_=5.02-10°dn?/mg | 0.9962
0.35 17.5 WAT]
0.5 24.9 Ke =2.83-10°
0.75 36.5 Freundlich h =0.10 P 3 | 0.9444
(mol g (dn? mol?)
1 40.1
0 0
0.2 6.5 Langmuir | gmx = 15.13 mg/g| K. =4.53-10°dnt/mg | 0.9981
035 9.1 WA-SFM160
0.5 12.3 Ke = 2.60-18
. _ £ =2.60-
0.75 16.3 Freundlich h=0.37 (mol ¢ (dr? mol " 0.9479
1 17.5
0 0
0.2 5.7 Langmuir | Qmx = 26.61 mg/g| K_=8.13-10°dn?¥/mg | 0.9890
035 8.9 WA-SFM320
0.5 112 Ke=1.45-18
0.75 12.1 Freundlich h = 0.47 S 0.9890
7 159 (mol/g) (dr/moly

The results of the modelling were compared by rafgrto the adsorption parameters
of the MB listed in Table 1. The highest correlaticoefficients R?) are approximately
0.99 and are associated with the Langmuir modelceller, the modelling through this
isotherm was in good agreement with previous studéated to MB adsorption on coal fly
ash [59] and on bagasse fly ash [60]. The cormiatoefficient for the Freundlich model
was 0.98 for the WA-SFM160 sample and 0.94 for dtieer two cases. Therefore, this
model does not present the best fitting data. Gpresgtly, the MB adsorption onto WA
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cannot be considered a multilayer, and the surfdidbe adsorbent is likely composed of
homogeneous adsorption sites. This can also beustied based on the adsorption
constants, i.e. the Freundlich constd{y)(for MB dye is very low, whereas the Langmuir
constants ;) are high. A good agreement is observed betweenth predicted by the
Langmuir model and that obtained from the experiiaénvestigation.

Characterisation

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

Table 2
Elementary chemical composition of oil fly ashei@hted percentage of the dried samplg][y6
Cunburnt V Fe Ni S Mg
Sample [%.] [%.] 6.] [%.] [%.] .
Tl 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

" 9%, = g/100 g of ash

The treatment of each oil fly ash sample with disied water and hydrochloric acid
resulted in two liquid phases and one solid phagdgch amounted to 30-60 % of the
original sample. Table 3 shows that the water mneat solubilises over 70 % of the
metallic content of TI and SFM160 and less than%2®f SFM320. Their solubility is
reduced in the presence of magnesium oxide, wisialséd in power plants to neutralise
SGO; (in SFM320). The high yields can be attributedhe presence of soluble sulphates of
the metals [15]. The acidity of the ash decrealsegling to the formation of low soluble
iron and nickel hydroxides [61].

Table 3
Quantities of metal elements extracted by two-steggment of oil fly ashes with deionised water
(0.005 dr¥g, T = room,t = 10 min) and with 2 M HCI (0.005 dig, T=90 °Ct=1 h)

Sample Metal element _ _ Extract(-?d quaptities _ _
in H0 in HCI in H,O + HCI
\ 1.31 0.30 1.61
TI Fe 0.85 0.15 1.00
Ni 0.67 0.22 0.89
Mg 0.45 0.15 0.59
\ 0.23 2.62 2.85
Fe 0.12 2.04 2.16
SFM320 N o 20 2.1¢
Mg 6,85 3.25 10.10
\ 2.25 0.40 2.65
Fe 1.95 0.67 262
SFM160 N L 251 26
Mg 0.55 0.15 0.70

" g/100 g of ash
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The elementary composition of the solid phasevemiin Table 4. The obtained solid
residue mainly consists of carbon containing léEnt3 % metal elements and sulphur.
The solubilisation of the mineral fraction was abheomplete and caused an increased
porosity on the carbonaceous residue, as evidebgedhe physical characterisation.
The results of pore size and specific BET surfaea are shown in Table 5 and can be
summarised as follows:

1. the specific surface area increased more thantfimes for the WA-TI samples and
about two times for the other two residues;

2. the pore volume increased four to five timesalh WA residues compared with
untreated ashes;

3. the average pore diameter reduced more than.25 %

Table 4
Elementary chemical composition of the solid resglafter the leaching treatments
(weighted percentage of the dried samplg][%6
Cunburnt V Fe Ni S Mg
sample [%.] [.] [6.] [.] [.] .

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

" %, = g/100 g of ash
Table 5
BET surface area (BET area), cumulative voluva)( and average diameter of poré®j:
(a) before and (b) after the leaching treatments
BET area [m%/g] Vol [cm3g] AD [A]
Sample
P (@ (b) (@ (b) (a) (b)

Tl 115 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 thatmnents justifies the rise on the
adsorption of elements other than the solubiliseideral components. The different
behaviour of the Tl samples with respect to theeotines might be related to its slightly
higher mineral content after the leaching treatmehich reduces the number of adsorbent
sites accessible to the adsorbate. The greateifispgaface area of the Tl sample (more
than twofold) compared to the other two residuss @brroborates the above explanation
for the different behaviours of the WA samples.

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

Conclusion

The double treatment of oil fly ash with deioniseater and hydrochloric acid allows
for the extraction of over 85 % of the vanadiumgnir and nickel content in the ash.
The residue derived from these treatments has kA bémtent of unburnt carbon and
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presents a specific surface area that is approglynawo to four times greater than that of
untreated samples. The residue also has an MB @asorcapacity from 6 to 40 mg/g for
solutions of 200 to 1000 mg/dm. The maximum amafntlye was adsorbed after one
hour. High abatement efficiencies (> 99 %) can bmioed through contact of 1 to 3 g of
carbonaceous residue with 0.050 drof MB in the same concentration. The adsorbed
material is released almost immediately when th&ltes are re-contacted with water, thus
allowing for the regeneration of the adsorbent.

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