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bstract

Carbon-enriched coal fly ash was evaluated in this work as a low-cost adsorbent for SO2 removal from stack gases. The unburned carbon in
oal fly ash was concentrated by mechanical sieving and vegetal oil agglomeration. The carbon concentrates were activated with steam at 900 ◦C
n order to develop porosity onto the samples. The performance of these samples in the SO2 abatement was tested in the following conditions:
00 ◦C, 1000 ppmv SO , 5% O , 6% water vapor. A good SO removal capacity was shown by some of the studied samples that can be related to
2 2 2

heir textural properties. Cycles of SO2 adsorption/regeneration were carried out in order to evaluate the possibility of thermal regeneration and
e-use of these carbons. Regeneration of the exhausted carbons was carried out at 400 ◦C of temperature and a flow of 25 ml/min of Ar. After each
ycle, the SO2 removal capacity of the sample decreases.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The fly ash (FA) produced from the burning of pulverized coal
n a coal-fired boiler is a fine-grained, powdery particulate mate-
ial that is carried off in the flue gas and usually collected from
he flue gas by means of electrostatic precipitators, baghouses,
r mechanical collection devices such as cyclones.

When pulverized coal is combusted in a dry-ash, dry-bottom
oiler, about 80% of all the ash leaves the furnace as fly ash.
pproximately 45 million tonnes were produced in 2005 in the
U15 [1]. Within the EU, the utilization for FA in the construc-

ion industry is currently around 47%, about 42% are used as
replacement for naturally occurring resources and the rest is

isposed.
FAs consist mainly of oxides of silica, aluminum, iron and

alcium. Some unburnt or partially unburnt carbon residue is
ollected with the FA in the precipitators [2]. Reduction of NOx

missions through the installation of low NOx burners often
esults in higher unburned carbon contents in the FA, decreas-
ng the marketability of some ashes. Unburned carbon tends to

∗ Corresponding author. Tel.: +34 976 733977; fax: +34 976 733318.
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dsorb the air-entrainment reagents that are added to the cement
o prevent crack formation and propagation.

The fate of this unburned carbon is mainly disposal due
o the present lack of routes for their effective use. In recent
ears, unburned carbon has been explored as low cost adsorbents
eplacing activated carbon for flue gas treatment. The carbon
resent in FAs can be a precursor of activated carbons since it
as gone through a devolatilization during the combustion in
he furnace of the power station and, therefore, it only requires
process of activation [3,4].

Unburned carbon has been tested as an adsorbent for the
reatment of wastewater from dyeing [5,6], mercury adsorption
7,8] and also as catalyst in low temperature NO reduction with
mmonia [9].

An application few explored until the present of the acti-
ated carbons obtained from carbon-enriched fly ash is the SO2
emoval from stack gas.

The removal of SO2 over a carbon in the presence of oxygen
nd water vapor at low temperature involves a series of reactions
hat leads to the formation of sulfuric acid as the final product.

he role of a carbon material is to allow the adsorption of SO2,
2O and O2 at the internal surface of the carbon, the catalytic
xidation of adsorbed SO2 to sulfuric acid and storage of the
enerated acid in the pores [10].

mailto:brubio@icb.csic.es
dx.doi.org/10.1016/j.jhazmat.2007.11.047
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the installation is shown in Fig. 2. A flow of 25 cc/min of gas
containing 1000 ppmv SO2, 5% (v/v) O2, 6% (v/v) water vapor
00 M.T. Izquierdo, B. Rubio / Journal of

The aim of this investigation was to evaluate the SO2
batement capacity of activated carbons obtained from fly ash
arbon-rich fractions activated with steam.

. Materials and methods

.1. Samples preparation

Coal fly ash (FA) from a pulverized coal power plant in Spain
Escucha, Teruel) was chosen as a starting material (named E2)
o obtain an enriched carbon fraction. Approximately 50 kg of
A were sieved into different mesh fractions in order to select
he fraction richer in carbon. The characterization of the sieved
ractions [11] leaded to select a cut of particle size bigger than
00 �m to obtain carbon-enriched sample E2-EN.

This sample enriched in unburned carbon was agglomerated
ith vegetable oil according to a procedure described else-
here [12]. Oil agglomeration was conducted in a commercial
lender equipped with a 1000 ml glass vessel. Approximately
6 g of sample and 400 ml of distilled water were placed in the
lender and mixed at 11,000 rpm for 5 min to disperse the par-
icles. After this an amount corresponding to 2 wt% of sample
as added and mixing was continued at same speed for 1 min

o produce agglomerates. The resultant agglomeration product
as separated from the refuse by froth flotation in a flotation
achine using air. The agglomerates were filtered, washed with

thanol, perchloroethylene and ethyl ether to extract the oil,
ater-washed and dried. A part of sample E2-EN-AG was heated

n Ar at 550 ◦C in order to remove any residual oil. The resulting
ample was named E2-EN-AG-550.

Both types of samples, sieving-enriched and oil-
gglomerated, were activated with steam in a fluidized bed, in
flow containing 95% water vapor and 5% nitrogen, at 900 ◦C

uring 2 h. After this period of time, the flow of water vapor was
ut off and a flow of nitrogen is passed through the bed until the
ample is cooled down. Activated samples were named E2-EN-
CT and E2-EN-AG-ACT.

Fig. 1. Samples preparation.
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Fig. 1 shows a description of the history of the samples studied
n this paper.

.2. Samples characterization

The major and minor elements composition was obtained
or the carbon-enriched samples by inductively coupled plasma
ICP Jobin-Yvon 2000), on a dissolution coming from acid
igestion using LiB4 and further HCl attack.

Powder X-ray diffraction (XRD) was used for phase min-
ral characterization. XRD profiles were obtained using Cu K�
adiation, range 2θ from 3◦ to 80◦, step 0.05◦ and step time 5 s.
n order to compare fractions, the X-axis is presented from 20◦
o 40◦. The diffractograms were recorded in a DS-8 Advance
nstrument from Brucker.

Ultimate analyses were performed for C, H, N, O and S in a
hermo Flash 1112 analyzer.

Adsorption isotherms were performed in an Autosorb-1 from
uantachrome. Prior to the analysis, samples were outgassed at
50 ◦C under vacuum up to 10−5 mm Hg.

Mercury porosimetry analyses were carried out in a Pore-
aster from Quantachrome.
The morphological examination of the samples (coated with

gold layer) was done by means of SEM in a Hitachi S-3400N
t several magnifications. In some cases secondary electrons
mages were obtained of samples embedded in a polished cross-
ection resin.

.3. SO2 adsorption experiments

An experimental installation built up for this purpose was
sed to test SO2 removal capacity of samples. A diagram of
nd Ar as balance was passed trough a bed of 2 g of sample
t 100 ◦C of temperature. The concentration of each gas was

ig. 2. Experimental installation for SO2 experiments (MFC: mass flow con-
roller; MS: mass spectrometer; T: temperature controller).
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Table 1
Elemental analysis of the studied fractions

% weight (moisture free) % ash (w/w)

C H N S

E2-EN 12.35 0.01 0.15 0.34 84.9
E2-EN-ACT 6.05 0.07 0.00 0.05 92.8
E2-EN-AG 64.08 0.46 0.76 0.39 30.3
E
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Table 3
Textural characterization by N2 adsorption (surface area and total pore volume)
and mercury porosimetry (intrusion volume and porosity)

SBET

(m2/g)
Vp/p0 = 0.99
(cm3/g)

Vint (cm3) Porosity
(%)

E2-EN 13 0.026 0.11 39.9
E2-EN-ACT 65 0.065 0.14 39.4
E2-EN-AG 2 0.014 0.17 35.2
E2-EN-AG-550 117 0.088 0.18 44.2
E2-EN-AG-ACT 416 0.297 0.31 46.6

t
c
h
i
o
o
t
p
a
s
v

T
A

E
E
E
E
E

2-EN-AG-550 60.25 0.38 1.07 0.32 33.6
2-EN-AG-ACT 57.62 0.21 0.71 0.12 38.5

easured by mass spectrometry. The presence of SO3 in the
utlet gases was also monitored.

The reaction results are described is terms of SO2 adsorption:
/C0, being C the concentration of SO2 at a time t and C0 the

nitial concentration of SO2, measured when the gas stream is
ypassed the reactor, before starting an experiment.

Regeneration of exhausted samples was carried out at 400 ◦C
f temperature and a flow of 25 ml/min of Ar. The time in each
egeneration experiment was variable, considering the final point
hen the concentration of SO2 in the gas was below 50 ppmv.

. Results and discussion

.1. Characterization

Elemental analysis and ash content of the samples studied in
his paper are given in Table 1. Hydrogen content is very low,
ndicating a high degree of condensation. Sample E2-EN-AG
xhibit higher hydrogen content than expected and this fact can
e attributed to remaining oil from agglomeration procedure in
he sample.

The composition of ash of each sample, expressed as main
xides of metals, is shown in Table 2. It can be seen a high Fe con-
ent because the coal burned was a blend containing lignite with
high pyrite content. Main differences in ash composition after
gglomeration process are observed in Ca and Fe compounds.

BET surface areas obtained from N2 isotherms are reported
n Table 3. The reported values are not corrected for their mineral
atter content. The inorganic fraction made a relatively constant

ontribution to surface area values of roughly 0.7–0.8 m2/g in
ny ash [13]. However, values of surface area in Table 3 were

ot corrected for the inorganic contribution because the samples
re further used as they have been obtained and characterized
nd this type of correction would not reflect the real properties
f the whole material.

m
A
p
E

able 2
sh composition of samples, expressed as a main metal oxides (%), obtained by ICP

% MxOy

SiO2 Al2O3 CaO

2-EN 49.56 27.47 4.80
2-EN-ACT 50.46 27.09 4.06
2-EN-AG 50.86 31.22 3.66
2-EN-AG-550 nd nd nd
2-EN-AG-ACT 50.45 34.76 2.66
Fig. 3. Pore volume distribution as a function of the pore diameter.

Sample E2-EN-AG has a lower value of BET surface area
han expected. This fact can be attributed to remaining oil that
an be blocking pore entrances to adsorption gas [11]. After
eating at 550 ◦C, a noticeable increase in BET surface area and
n porosity of this sample can be observed. The surface area value
f the activated sample (E2-EN-AG-ACT) is noteworthy, despite
f their high ash content. Total pore volume follows the same
rend that surface area. This is an important fact, because enough
ore volume is needed for the storage of sulfuric acid obtained
s a reaction product. The sample E2-EN-ACT has a lower BET
urface area than the sample E2-EN-AG-ACT because of their
ery low carbon content (6.05%, see Table 1).

Intraparticle volume as well as porosity values obtained from

ercury porosimetry are given in Table 3. Sample E2-EN-AG-
CT has the highest porosity, corresponding to the activation
rocess undergone by the sample. On the other hand, sample E2-
N-AG exhibit the lowest porosity, indicating a pore blockage

Fe2O3 K2O MgO Na2O TiO2

13.20 1.76 1.24 0.19 0.85
12.04 1.65 1.11 0.17 0.94
7.09 1.15 1.17 0.20 1.10
nd nd nd nd nd
4.80 0.99 1.04 0.14 1.31
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ue to remaining oil from agglomeration process. After heating

t 550 ◦C in inert atmosphere, this sample exhibit, as expected,
igher BET surface are and pore volume.

In Fig. 3 the pore volume distribution of the studied samples,
btained from mercury porosimetry, is shown. A very important

f

r
e

ig. 4. SEM microphotographs of samples. (a) Images obtained with secondary electro
lectrons and samples embedded in a polished resin.
rdous Materials 155 (2008) 199–205

ncrease in small mesopores volume (<12 nm) can be observed

or the activated sample E2-EN-AG-ACT.

SEM microphotographs are depicted in Fig. 4. Images (a) cor-
espond to secondary electrons and images (b) to backscattered
lectrons.

ns and samples dispersed as powder and (b) images obtained from back-scattered
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Table 4
Amount of SO2 removed by the studied samples at 50% breakthrough

Sample SO2 removed (mg)

E2-EN 0.15
E2-EN-ACT 0.66
E2-EN-AG 0.30
E
E

w
S
i
a

A
c
d
i
p
c
n

through was 50%, from the experiments shown in Fig. 5. The
50% breakthrough point is achieved at different times for each
sample, and big differences in removal capacity are found
between the samples.
M.T. Izquierdo, B. Rubio / Journal of

Microphotographs of sample E2-EN-ACT obtained at magni-
cation 100× show particles of mineral matter with an advanced
usion stage due to high temperatures reached during combus-
ion. This type of particles cannot be observed in sample after
gglomeration process E2-EN-AG-ACT.

At higher magnification, small differences in the morphology
f particles coming from sieving-enriched sample or agglom-
rated one are found, despite of the content of carbon for
oth samples are quite different. However, comparing images
btained from powdered samples and those embedded in a
olished resin (using backscattered electrons detector) differ-
nces are evident. Dark areas are composed of carbon structures,
hereas higher intensity zones correspond to inorganic matter.
rom these images it can be concluded that agglomeration pro-
ess has selected carbonaceous particles with less amount of
ineral matter in the outer part of the particle, discarding parti-

les mainly composed of inorganic matter. However, inorganic
atter occluded inside carbon structures cannot be removed by

his physical treatment.

.2. SO2 removal tests

The SO2 breakthrough curves for samples E2-EN, E2-EN-
G, E2-EN-ACT and E2-EN-AG-ACT are depicted in Fig. 5.
xperiments were carried out at 100 ◦C of temperature, total flow
f 25 ml/min and a gas composition 1000 ppmv of SO2, 5% (v/v)
2, 6% (v/v) H2O (Ar as balance). During the experiments, the

volution of SO2, SO3, O2, H2O were followed on-line.
Low SO2 removal capacities are found for samples E2-EN,

2-EN-AG and E2-EN-ACT. Breakthrough occurs in few min-
tes, indicating that adsorption capacity is very low because of
he poor developed porous system, according to data reported

n Table 3. No evolution of SO3 was observed during the exper-
ments, indicating SO2 adsorption without catalytic oxidation
o SO3, or SO2 conversion to SO3 followed to conversion to

2SO4. After some SO2 removal tests, desorption experiments

ig. 5. SO2 breakthrough curves of studied samples. Experimental conditions:
emperature of reaction 100 ◦C, total flow 25 ml/min and gas composition
000 ppmv of SO2, 5% (v/v) O2, 6% (v/v) H2O and Ar as balance. (1) Sample E2-
N, (2) sample E2-EN-AG, (3) sample E2-EN-ACT (4) sample E2-EN-AG-550
nd (5) sample E2-EN-AG-ACT.

F
a

2-EN-AG-550 1.30
2-EN-AG-ACT 54.10

ere carried out. During desorptions, no SO3 was evolved and
O2 was evolved at higher temperatures than those correspond-

ng to physisorption. This fact could indicate that SO2 is actually
dsorbed and catalytically converted to H2SO4.

Breakthrough for sample E2-EN-AG-ACT occurs at 240 min.
fter this time a slow breakthrough process is observed, typi-

al of granular activated carbons, because of wider pore size
istribution compared to other carbons. Sulfuric acid is stored
n appropriate pores, meaning that it has to move from bigger
ores to pores in which potential is lower. This process can be
ontrolled by diffusion problems if pore structure of carbons has
ot been well developed.

Table 4 reports the amount of SO2 removed when break-
ig. 6. Relationship between SO2 conversion and (a) ash and carbon content
nd (b) surface area.
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Table 5
Elemental analysis and textural parameters of the sample E2-EN-AG-ACT after 5 cycles of SO2 adsorption–desorption (E2-EN-AG-ACT-C)

% weight (moisture free) SBET (m2/g) Vp/p0 = 0.99 (cm3/g) Vint (cm3) Porosity (%)

E 309 0.226 0.19 46.0
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Fig. 7. Breakthrough curves after desorption step of sample E2-EN-AG-ACT.
Experimental adsorption conditions: temperature of reaction 100 ◦C, total flow
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C H N S

2-EN-AG-ACT-C 49.7 0.17 0.57 0.40

It can be found in the literatures [14,15] work related with the
nfluence on the SO2 removal of ash content of active carbons.
owever, the differences observed in SO2 removal capacity of

he studied samples can be explained neither in terms of their
otal ash content nor in their ash composition. In Fig. 6a can
e seen the lack of correspondence between the amount of SO2
dsorbed and the ash and carbon content. In Fig. 6b the relation-
hip between BET surface area and amount of SO2 adsorbed is
epicted. The highest amount of SO2 removed corresponds to
ctivated sample E2-EN-AG-ACT, which has the highest BET
urface area. A similar trend can be observed with the other
extural parameters obtained for this sample, pore volume and
orosity (Table 3). The higher activity shown by the activated
ample E2-EN-AG-ACT, therefore, can be attributed to their
extural properties. However, the sample E2-EN-AG-550, which
as a BET surface of 117 m2/g, only removes 1.7 mg SO2. Prob-
bly changes in surface chemistry during the activation process
lay also a role in the adsorption and catalytic conversion of SO2
nto H2SO4 [16–18].

The low activity shown by the other activated sample studied,
2-EN-ACT, can be attributed to its very low carbon content,
.05%. As shown in previous works [9,16], carbon content and
orosity are connected, because the activation only affects to
arbonaceous part of the samples. Therefore, if the precursor
as low carbon content, the obtained activated sample cannot
how a high performance.

In the case of activated sample, cycles of SO2 adsorp-
ion/regeneration were carried out in order to evaluate the
ossibility of thermal regeneration and re-use of these activated
arbons. Regeneration of the exhausted carbons was carried out
t 400 ◦C of temperature and a flow of 25 ml/min of Ar. Time
sed for regeneration was variable depending on the evolution
f SO2, considering the final point when the concentration was
elow 50 ppmv SO2. Breakthrough curves after each desorption
tep are shown in Fig. 7.

During thermal regeneration of exhausted samples after their
se in SO2 abatement experiments the sulfuric acid stored on the
arbon is removed acting the carbon as a reducer [10], following
he reaction:

H2SO4 + C → 2SO2 + CO2 + 2H2O

The gas evolved from this regeneration step is a SO2-rich gas
hat can be further processed to produce elemental sulfur, liquid
O2 or sulfuric acid.

Fig. 7 shows the SO2 removal capacity of sample E2-EN-

G-ACT for six adsorption/regeneration cycles. As can be seen

n this figure, after each cycle, the SO2 removal capacity of
he sample decreases, and the breakthrough starts earlier. More-
ver, after each cycle the steepness of the breakthrough curves

a
o
i
a

5 ml/min and gas composition 1000 ppmv of SO2, 5% (v/v) O2, 6% (v/v) H2O
nd Ar as balance. Desorption conditions: 400 ◦C of temperature and 25 ml/min
r.

hanges. This fact can be explained in terms of the reaction
hat put up with a mild gasification, leading to a pore opening.
n Table 5, the elemental analysis as well as textural parame-
ers of the sample E2-EN-AG-ACT regenerated after 5 cycles
f SO2 adsorption–desorption (named E2-EN-AG-ACT-C) are
hown. A loss of BET surface area and total pore volume can be
bserved. Also, the carbon content has decreased (from 57.62%
o 49.70%) because in each regeneration step, carbon is con-
umed. The pore size distribution of this sample obtained from
ercury porosimetry (Fig. 3) show a noteworthy decrease of

mall mesopores, together with an increase in macropores. These
hanges in textural properties could be the main cause of the loss
f SO2 removal capacity of this sample. The behavior of this
ample, however, differs from that observed by the authors in
he same conditions for low temperature coal chars [19], which
an be thermally regenerated without loss of activity.

Work is in progress in order to determine the influence of
urface oxygenated groups on the SO2 adsorption capacity of
he activated samples as well as on their loss of capacity after
hermal regeneration.

. Conclusions

This work has shown that the carbon-enriched fraction
resent in FAs can be a precursor of activated carbons. After

n agglomeration process these carbons only requires a process
f activation since it has gone through a devolatilization dur-
ng the combustion in the furnace of the power station. After
ctivation, an activated carbon with medium surface area can be
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btained for environmental application. In the present case, SO2
emoval capacity has been tested onto these samples, obtained
romising results.
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