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bstract

Fuel oil fly ash has been tested as low-cost carbon-based adsorbent of 2-chlorophenol (CP), 2-chloroaniline (CA) and methylene blue (MB)
rom aqueous solutions. In all the cases the adsorption was found to be of cooperative type. Different adsorption capacities were found for the
hree organics. Specifically, it was highest for 2-chlorophenol, reaching about 70 mg g−1, and quite lower in the other two cases, that is about 47

nd 36 mg g−1 for methylene blue and 2-chloroaniline, respectively. Varying the initial pH and adding KCl were found to have different effects on
he adsorption of the three organics. In particular, the presence of other ions had no effect on the adsorption of methylene blue, adverse effect in
he case of 2-chlorophenol and enhancing effect in the case of 2-chloroaniline.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Activated carbon is widely employed in water treatment, due
o its broad spectrum of adsorption capacity. An extraordinary
ide range of chemicals, including harmful pollutants such as
rganochlorides and heavy metals, are easily retained on its sur-
ace [1–10]. Molecules that are slightly polar, generating taste
nd smell, and molecules with a relatively high molecular weight
re well adsorbed on activated carbon. On the other hand, the
ardest to retain are the most polar molecules and the linear ones
ith a very low molecular weight such as simple alcohols and
rimary organic acids.

Activated carbon can be effectively employed in the tertiary
reatment of municipal and industrial wastewaters. In fact, it is
ble to retain dissolved organic pollutants, such as phenols, aro-
atic amines and synthetic dyes, which are resistant to upstream
hysico-chemical and biological treatments, and thus removes
large part of the residual COD. In addition, activated carbon

lso exhibits the property to act as a bacteria support capable

∗ Corresponding author. Tel.: +39 081 674028; fax: +39 081 674090.
E-mail address: santoro@unina.it (L. Santoro).
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f breaking down a fraction of the adsorbed phase. Thus, a part
f the support can be continuously regenerated allowing new
olecules to be retained.
The attraction towards solid–liquid adsorption processes for

astewaters treatment largely relies on their simplicity and can
e further increased if, instead of expensive activated carbon, use
s made of cheaper sorbents. To this scope, many high-carbon

aterials have been recently tested deriving from either avail-
ble bio-resources or industrial wastes [11–24]. These sorbents
omprise pyrolyzed agricultural wastes and wastes from com-
ustion processes which can be directly employed without any
rior beneficiation treatment. Obviously, this is a key point to
chieve low-cost operation in actual treatment processes.

Whenever a solid or liquid fossil fuel is used in a combustion
rocess, fly ash is generated, and, among the different types, that
roduced by coal combustion is the most well known from the
oints of view of characteristics, properties and uses. Although
oal fly ash may contain harmful heavy metal oxides, it finds
atisfactory recycling in different fields of civil engineering.

owever, due to the great availability of this waste material, new
ays of recycling have been searched for. For this reason, some

ecent studies can be found in the literature on the use of coal fly
sh as adsorbent cheaper than activated carbon [16,21,22,24].

mailto:santoro@unina.it
dx.doi.org/10.1016/j.jhazmat.2008.01.025
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fly ash. In particular, the loss on ignition (LOI), mostly given by
unburned particles, is much higher than that usually found for
coal fly ash, while the silica content is considerably lower. In fact,
when submitted to chemical analysis, five samples of coal fly

Table 1
Chemical composition of fly ash

Component wt%

LOIa 54.4
Na2O 1.0
K2O 0.8
CaO 3.4
Al2O3 16.2
MgO 1.0
Fe2O3 3.9
00 S. Andini et al. / Journal of Haza

his application mainly relies on the content of unburned car-
on particles, in which, coal fly ash is in general not particularly
igh. This was evidenced in a study on the hydraulic properties
f five samples of this type of ash produced in Italy from the
ombustion of coals of different origin [25].

As well as coal, fuel oil is widely employed in thermal power
lants, and its combustion generates an equally large amount of
sh. However, when compared to coal fly ash, that from fuel oil
hows significantly different chemical composition and prop-
rties that make it unsuitable for recycling in civil engineering
pplications. To this regard, it is to be pointed out that a further
eason that hampers fuel oil ash from being addressed towards
atter recovery is its classification as hazardous waste. This can

e checked in the European waste catalogue where this material
s given the code 10.01.04* (the asterisk denotes a hazardous
aste). On the other hand, fuel oil fly ash is much more attrac-

ive as potential substitutes of activated carbon because it usually
as a quite high content of unburned particles.

In this paper, fuel oil fly ash has been tested for the adsorp-
ion of selected organic contaminants of common occurrence
n wastewaters: 2-chlorophenol (CP), 2-chloroaniline (CA) and
ethylene blue (MB). Of these three organics, CP is formed,

mong other chloro-organics, in chlorination processes. It is
f great concern among the environmentalists, due to its high
oxicity against living organisms. For this reason, many papers
re found in the literature on the removal of chlorophenols by
dsorption on several different sorbents [26–29]. CA has been
elected because chloroanilines are frequently employed as raw
aterials in organic syntheses and then are common contami-

ants of industrial wastewaters. Furthermore, CA is a secondary
roduct in drinking water disinfection by sodium hypochlorite
nd its presence in the final product must not exceed a specific
imit. Finally, MB is one of the dyes commonly employed in
extile industries and contributes to the pollution of water dis-
harges [30]. Even dyes are of environmental concern, as it is
ell known that many of them are toxic and, in some cases,

arcinogen. Also for anilines and synthetic dyes, many papers
an be found in the literature on their removal by adsorption
11,16,31–38].

. Materials and methods

The fuel oil fly ash was supplied by the main Italian electri-
al company (ENEL). It was generated in a large plant located
n Brindisi (Southern Italy). Its quantitative characterization
as carried out by means of chemical analysis, while differ-

ntial thermal analysis, X-ray diffraction analysis and FT-IR
pectrophotometric analysis were used for qualitative charac-
erization. The chemical analysis was carried out by means of
ommonly accepted methods for this type of material, start-
ng from firing at 1050 ◦C followed by alkaline melting in

muffle furnace and HCl dissolution. Then, silica content is
etermined gravimetrically, while metal oxides contents by

tomic absorption spectroscopy and sulphate content by ionic
hromatography. Thermal, X-ray diffraction and FT-IR spec-
rophotometric analyses were carried out by means of a Netzsch
TA 409 thermoanalyzer, a Philips PW1830 diffractometer and

S
S

T
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Nicolet Nexus spectrometer, respectively. Finally, fly ash was
haracterized for pore size distribution using a Carlo Erba 1990
orptomatic apparatus.

The chemicals used in the adsorption experiments were
eagent grade CP, CA and MB supplied by Fluka. Of each
f these chemicals, stock solutions were prepared and 50 mL
liquots were sampled and contacted with different amounts
f solid adsorbent. The concentration of these stock solutions
as 1 g L−1 for CA and MB and 1.8 g L−1 for CP. The 50 mL

amples were contacted with variable amounts of ash within
he ranges 0.81–200 g L−1 for CA, 0.81–160 g L−1 for MB and
.8–200 g L−1 for CP. Solid–liquid contact was ensured in a
eaker glass and the system was thoroughly mixed by means
f a mechanical stirrer driven at 200 rpm. The adsorbate solu-
ion and the adsorbent were kept in contact for 24 h at 25 ◦C.
t was checked that this contacting time was sufficient for equi-
ibrium to be reached. The adsorption isotherms were obtained
y filtering a portion of the liquid phase through a 45 �m Mil-
ipore filter and analysing it by means of a UV spectrometer.
hese measurements were carried out at the maximum absorp-

ion wavelength, that is 275, 289 and 664 nm for CP, CA and MB,
espectively. The specimens were diluted 1:10, 1:50 or 1:100,
epending on the adsorbate nature and concentration. In some
dsorption experiments the initial pH was changed between 2
nd 12 by adding proper quantities of HCl or KOH. In these
ases 7 g of fly ash were contacted with 50 mL of 1 g L−1 adsor-
ate solution. Furthermore, a final test was carried out adding
Cl to the adsorbate solutions in such amount to have a 10−2 M

oncentration. In all these additional adsorption tests, the contact
ime and temperature as well as the technique of liquid sampling
nd analysing were the same as before.

. Results and discussion

The fly ash was entirely made of particles passing a 180-�m
ieve. The results of chemical analysis are shown in Table 1 in
erms of content of the main components. It is clearly seen that,
rom this point of view, fuel oil fly ash strongly differs from coal
iO2 15.0
O4

2− 4.0

otal 99.7

a Loss on ignition at 1050 ◦C.
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Table 2
Differential pore size distribution of fly ash

Size range (nm) vol.%

1.5–1.7 7.3
1.7–1.9 8.0
1.9–2.1 4.7
2.1–2.4 9.4
2.4–2.7 8.8
2.7–3.0 7.3
3.0–3.4 6.7
3.4–3.8 6.6
3.8–4.2 4.5
4.2–4.7 5.6
4.7–5.3 6.4
5.3–6.0 5.7
6.0–6.7 5.7
6.7–7.5 6.5
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adsorption in a cooperative fashion. At high concentration, mul-
tilayer adsorption can take place too.
S. Andini et al. / Journal of Haza

sh from Italian power plants were found to have silica content
anging from 42.74 to 50.23% and LOI ranging from 3.92 to
2.94% [25]. Both these properties are favourable for recycling
his waste as an adsorbent. Obviously, this comes directly from
he higher content of unburned particles and indirectly from
he lower silica content. This property makes fuel oil fly ash
nsuitable for recycling in the field of building materials as its
ozzolanic activity cannot be as high as that of coal fly ash. On
he contrary, testing fuel oil fly ash for its adsorptive property
an well be worthy of consideration.

The results of thermal, X-ray diffraction and FT-IR analyses
not shown) allow to draw the following conclusions. A wide
xothermic peak is seen in the result of differential thermal anal-
sis between 400 and 650 ◦C, obviously due to air-oxidation of
he unburned fraction. No other significant peak is seen. The
imultaneous thermogravimetric analysis shows that almost all
he weight loss up to 1050 ◦C occurs in the above tempera-
ure range. Then, the LOI resulting from chemical analysis is
lmost completely given by the unburned fraction in the ash.
-ray diffraction analysis shows an almost amorphous mate-

ial, differently from coal fly ash that usually contains some
rystalline phases such as mullite. Finally, the results of FT-
R analysis only show significant absorption in a wavenumber
ange around 1100 cm−1 where resonances relative to silicates
nd silico-aluminates lay.

The results of pore size distribution measurement are reported
n Fig. 1 and Table 2. It is seen that almost all accessible porosity
s in the field of mesopores. In fact, according to the classification
iven by Anderson and Pratt [39], micro-, meso- and macro-
ores belong to the size ranges below 2 nm, between 2 and 50 nm
nd above 50 nm, respectively. This characteristic of fuel oil fly
sh is surely attractive for enhancing adsorptive capacity.

It has already been pointed out that fuel oil fly ash is classified
s hazardous waste because it may contain harmful heavy metal
xides, those of Ni and V being the most abundant [40]. Then, if
uch a waste is used for water treatment in an adsorption process,
econdary water pollution may occur. However, the Italian clean
ater acts pose a limit of 4 mg L−1 for Ni and no one for V.

hen, only possible pollution from Ni release should be taken

nto account. For this reason the fuel oil ash was submitted to
he Italian standard leaching test for waste recycling [41]. This
est gave the result of 172 mg L−1 of Ni released, which highly

Fig. 1. Cumulative pore size distribution of ash.

e

F
b

.5–8.4 6.8

otal 100.0

xceeds the limit for this metal. However, the liquid to solid ratio
mployed in the leaching test (static with 24 h contact time) is
0 L kg−1, while in a real adsorption application (continuous
ow process with much lower contact time) the solid is usually
ontacted by, at least, a two to three orders of magnitude greater
mount of liquid [42]. The result is that Ni concentration in the
reated water can decrease well below the law limit.

The results of the adsorption experiments carried out on all
he three organics are reported in Fig. 2 in terms of adsorption
sotherms. In all cases the isotherms are of class S, sub-group
, according to the classification by Giles et al. [43] based
n the initial slope and the shape of the upper part of the
urves. Such isotherms occur when the adsorbent–adsorbate
nteractions increase as the loading increases. They are char-
cterized by low adsorption at low concentration, due to weak
dsorbent–adsorbate interactions. However, once a molecule is
dsorbed, adsorbent–adsorbate forces increase and promote the
Despite the similarities described above, significant differ-
nces can be seen from case to case. First of all, the ash maximum

ig. 2. Adsorption isotherms of 2-chlorophenol, 2-chloroaniline and methylene
lue.
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dsorption capacity is highest for CP, reaching the value of
bout 70 mg g−1, while quite lower values are observed in the
ther two cases, that is about 47 and 36 mg g−1 for MB and
A, respectively. Furthermore, the equilibrium concentration
t which the isotherms attain their highest steepness is about
.95 g L−1 (highest value) for CP and about 0.82–0.86 g L−1 for
A and MB. Finally, one more significant difference is the quite
igher adsorption capacity observed for MB at low equilibrium
oncentration in respect to the other two organics. This char-
cteristic is of value when MB is to be removed from diluted
olutions.

The above differences are given to the different adsorbent–
dsorbate interactions that occur from case to case. At low equi-
ibrium concentration, these interactions are highest for MB,
iving rise to the observed highest adsorbed amount. On the
ther hand, the lowest adsorbent–adsorbate interactions occur
n the case of CA and, consequently, the adsorbed amount
s the lowest for this organic. Despite the significant differ-
nce in adsorbent–adsorbate interactions described above for
B and CA, the steep increase in adsorption capacity (and

n adsorbent–adsorbate interactions) occurs at almost the same
quilibrium concentration for these two organics. Beyond these
alues, the adsorbent–adsorbate interactions show the same
anking and an ultimate amount of MB adsorbed higher than
hat of CA is reached.

The behaviour of CP is not very different from that of
A at low equilibrium concentration, the adsorbent–adsorbate

nteractions being slightly higher. However, the equilibrium
oncentration at which these interactions steeply grow is sig-
ificantly higher that that for the other two organics, reaching
he value of about 0.95 g L−1. Beyond this concentration, the
dsorbent–adsorbate interactions increase even more giving an
ltimate value of maximum adsorption capacity as high as about
0 mg g−1.

The differences in adsorption behaviour among the three
rganics can also be seen on the graph of Fig. 3, where the

emoval efficiency is reported against the loading ratio. The
emoval efficiency is defined as the percentage ratio between
he amount of adsorbate removed and the one initially present
n the solution, while the loading ratio is the initial adsorbate

ig. 3. Removal capacity of ash against 2-chlorophenol, 2-chloroaniline and
ethylene blue.
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mount divided by the adsorbent mass. In all cases the removal
fficiency decreases as the loading ratio increases, but great dif-
erences can be seen in the initial part of the curves. Specifically,
he adsorption of the three organics studied can be ranked in
he order MB > CP > CA. The observed differences are impor-
ant from the applicative point of view because the higher the
emoval efficiency, the lower the adsorbent amount required for
ffectively carrying out an adsorption process.

In this paper the adsorption experiments were carried out
ith the waste material “as received”, that is with no beneficia-

ion treatment. The results are to be compared to those that can
e found in the literature on similar systems in order to rank the
uel oil fly ash among other waste-derived adsorbents. In many
ases, however, this comparison is made difficult by the different
perative conditions chosen by other authors. This is the case of
P and MB, as in most papers the isotherms refer to an equilib-

ium concentration range much lower than that studied in this
aper. In such cases the cooperative character of the adsorption
s not evidenced and the isotherms appear of the Langmuir type.

Kao et al. [26] and Namasivayam and Kavitha [28] studied CP
dsorption on coal fly ash and coir pith carbon, respectively. The
dsorption capacity was found to be 0.8–1 mg g−1 at temperature
etween 10 and 30 ◦C in the former case, and 17.6 mg g−1 in the
atter one. The adsorption of MB was studied by Janoš et al. on
oal fly ash [16], Wang et al. on coal fly ash and red mud [38]
nd Woolard et al. on coal fly ash [44]. The following adsorption
apacities were found: 1.02 mg g−1 in the first case, 4.16 mg g−1

coal fly ash) and 2 mg g−1 (red mud) in the second one and
mg g−1 in the third one. These results prove that fuel oil fly
sh compares favourably with other waste-derived adsorbents.

In the case of CA the lack of adsorption data for this specific
niline does not allow any comparison to other adsorbents.

Wang and co-workers made extensive use of carbon-enriched
astes to obtain more effective adsorbents for dyes removal

45–47]. Starting from coal fly ash, an adsorbent enriched in
nburned carbon content from 5 to 85% was obtained with
dsorption capacity of 80 mg g−1 for MB [45] and 31–48 mg g−1

t 30–50 ◦C for Rhodamine B [46]. Furthermore, a coal fly ash-
erived adsorbent with unburned carbon content of 36.7% was
ound to have adsorption capacity of about 38 and 33 mg g−1

gainst MB and crystal violet, respectively [47]. The results
btained in this study are in good agreement with those by Wang

nd co-workers.

Table 3 and Fig. 4 show the results of the adsorption exper-
ments carried out at different pH values. Fig. 4 also shows the
esults obtained when 10−2 M KCl is added to the solution (solid

able 3
nitial and equilibrium pH of adsorption experiments

P
Initial pH 2.26 4.16 5.62a 8.24 10.08 11.56
Equilibrium pH 6.65 7.44 7.45 7.52 7.66 7.70

A
Initial pH 2.09 4.29 6.20a 8.06 10.24 11.83
Equilibrium pH 7.00 7.45 6.77 7.49 7.54 7.77

B
Initial pH 2.26 4.17 6.77a 8.40 10.27 11.83
Equilibrium pH 7.60 7.98 7.44 7.94 7.85 7.84

a With no HCl or KOH addition.
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ig. 4. Effect of initial pH and KCl addition on ash adsorption capacity. Open
ymbols: no KCl added; solid symbols: KCl added. For MB open and solid
ymbols overlap at pH 6.77.

ymbols). As already pointed out, these experiments were all car-
ied out by contacting 7 g of fly ash with 50 mL of an adsorbate
olution of 1 g L−1 initial concentration. First of all, the data of
able 3 shows that, whatever the initial pH, a value close to neu-

rality is reached at equilibrium. Then, the ash revealed to have
trong buffering capability, being able to adsorb both hydrogen
ons and hydroxyl ions. This also means that the nature of the
dsorbent surface changes, as acid or basic sites are alternatively
eutralized.

The data of Fig. 4 relative to CP show that when HCl or KOH
re added to the initial solution, CP adsorption is depressed,
s both H+ and OH− compete favourably with this organic.
urthermore, when KCl is added to the initial solution, the pres-
nce of both cations and anions has a synergistic effect and CP
dsorption takes place to a very low extent. The reason for this
ehaviour may be the fact that, at equilibrium, CP is present
n molecular form (pKa = 8.94) and its adsorption is unfavoured
ith regard to ionic species.
The addition of both HCl and KOH favours the adsorption of

A, and the same happens when KCl is present in the solution
Fig. 4). At equilibrium, as for CP, CA is present in molecular
orm, but its behaviour may be different from that of CP because
he presence of an electronic doublet on nitrogen makes CA
Lewis base with nucleophilic character. This may favour its

dsorption on the partially neutralized adsorbent sites.
The adsorption of MB is not affected by the addition of any

f the chemicals HCl, KOH and KCl. This may be due to the
act that the MB molecule has both hydrophilic and hydropho-
ic character; then, its adsorption is favoured on any type of
dsorbent site.

. Conclusions

The results of this study have shown that 2-chlorophenol, 2-
hloroaniline and methylene blue can be effectively adsorbed

nto fuel oil fly ash. This waste can be employed without any
xpensive pre-treatment, due to the high fraction of unburned
articles. The adsorption capacity against 2-chlorophenol and
ethylene blue has been found similar to that of other carbon-

[
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ich waste-based adsorbents. Due to the lack of literature data,
uch comparison was not possible for 2-chloroaniline.

Experiments carried out at variable initial pH revealed that
uel oil fly ash has high-buffering capacity, due to the presence
f surface sites able to bind both anions and cations. In these
ases, as well as when KCl is added, the change of the nature of
he adsorbent surface modifies the adsorption capacity against
-chlorophenol and 2-chloroaniline. It was depressed for the
ormer, and enhanced for the latter. No such effect was found
or methylene blue.
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