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Abstract

Activated carbon impregnated with precursor salts of Ba, Co, Cu, Fe, Mg, Mn, Ni, Pb and V and their binary mixtures
was used for adsorption of SO2 at 20◦C. The most promising materials for SO2 removal are carbons doped with V, Cu and
mainly their binary mixtures, which show a synergetic effect. Kinetic curves and isotherms of SO2 adsorption were obtained
at 20◦C. These isotherms are reasonably well fitted by the Langmuir model and the respective parameters were determined.
TPD experiments show that adsorption of SO2 increases the oxygenated groups on the carbon surface. The sample doped
with V, after SO2 adsorption at 20◦C, presents an increase of basic oxygenated groups, which may be responsible for the
observed extra adsorption of SO2.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Flue gases from combustion plants contain signif-
icant quantities of sulphur dioxide, which together
with nitrogen oxides constitute a primary and substan-
tial source of acid rain[1–6]. The deposition of these
acidic components is known to be the main cause for
the damage of plants, fish and all biological communi-
ties due to the pH reduction of ground waters, streams,
rivers and lakes and to the impoverishment of agricul-
tural soils due to lixiviation of plant nutrients. Also
harmful effects to the human health and degradation
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of buildings and monuments in urban areas are caused
by the acid rain[1,2]. Sulphur and nitrogen oxides
are also responsible for the depletion of the ozone
layer that has been linked to several illnesses and res-
piratory diseases[3,6]. The primary sources of SO2
are combustion of fossil fuels, incineration of solid
wastes, coal-fired power plants, automobiles and in-
dustrial boilers[3,5].

Carbon based flue gas desulphurisation systems
have achieved commercial success and can remove up
to 100% of the SO2 from combustion flue gas streams
[5]. An additional advantage of activated carbon pro-
cesses is that, in addition to SO2, they also remove
nearly every impurity found in combustion flue gas,
including particulate material, heavy metals, organic
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materials, NOx and other air toxics[5]. Thus, several
research works have been dedicated to desulphurisa-
tion using activated carbons[6–25], many of which
with the recovery of the adsorbed SO2 in sulphuric
acid form[3,4,8,9,14,16,20,23,26–29].

Davini [8,9] showed that there are two types of
SO2 adsorbed on the carbon surface, one “weakly
bonded” (physically adsorbed), which easily desorbs
at 120◦C and another “strongly bonded” (chemically
adsorbed), which desorbs only above 350◦C. Other
authors observed these two types of SO2 in their works
as well [21,23]. Davini [8] also proposes a mecha-
nism in which there is a fast preliminary adsorption
of SO2 that starts to be physical and then a part of
the weakly bonded SO2 (physically adsorbed) turns
slowly with time in the strongly bonded SO2 (chem-
ically adsorbed) and that the process is related to the
chemical nature of the carbon surface.

The quantity of the chemically adsorbed SO2 seems
to be influenced by the surface groups, while the phys-
ically adsorbed SO2 is more closely related to the gen-
eral physical characteristics of the carbon[8,9]. Other
authors mentioned that the oxygen functional groups
on the carbon surface are responsible for SO2 adsorp-
tion [3,19,20,30,31]and several others showed that, in
SO2 adsorption, surface chemistry can be more impor-
tant than surface area and pore structure[18,19,31,32].

Although the oxygen surface groups are stable at
temperatures below 200◦C, when a carbon is heated
at higher temperatures in inert atmosphere, the oxygen
surface groups decompose, yielding carbon dioxide,
water and carbon monoxide.

Carbon dioxide starts to evolve at lower tempera-
tures than carbon monoxide. As a general rule, the
desorption spectrum of CO2 shows three peaks with
increasing temperature, corresponding to the decom-
position of carboxylic acid, carboxylic anhydride and
lactone surface groups. On the other hand, CO desorp-
tion occurs at higher temperatures from the decompo-
sition of phenol, ether, carbonyl/quinone and pyrone
groups[33–36]. If carboxylic anhydrides are present,
their decomposition originates CO at the same tem-
peratures as CO2 [36–38].

The aim of the present work is to study the adsorp-
tion of SO2 in activated carbon loaded with several
metal catalysts and their binary mixtures, determin-
ing kinetic curves and isotherms of SO2 adsorption
at 20◦C. TPD was used to interpret the role of the

oxygen surface groups on the SO2 adsorption. Tex-
tural characterisation of the carbons was performed
using N2 adsorption at 77 K. In situ XRD was used to
identify the catalyst phase present after pre-treatment
in nitrogen atmosphere.

2. Experimental

Activated charcoal GR Merck (powder) was used
to carry out adsorption of SO2. The textural char-
acterisation of the samples was based on the N2
adsorption isotherms, determined at 77 K with a Mi-
cromeritics ASAP 2010 device. The micropore vol-
umes and mesopore surface areas were determined by
the t-method, using the standard isotherm for carbon
materials proposed by Rodriguez-Reinoso et al.[39].
The adsorption data were also analysed with the Du-
binin equation. Since a type IV deviation occurred,
two microporous structures were taken into account,
and the corresponding volumes,W01 and W02, cal-
culated[40]. The Stoeckli equation[41] was used to
estimate the average micropore width of the smaller
pores, using an affinity coefficient for nitrogen,
β = 0.32.

The activated carbon was impregnated with diluted
solutions of acetates of Ba, Co, Cu, Fe, Mg, Mn, Ni,
Pb and V (Merck) by the incipient wetness method.
The metal loading was 4 wt.%. The same procedure
was used to prepare carbons impregnated with binary
mixtures of the above referred metal acetates.

A 0.15 g carbon sample was put in a fixed bed re-
actor, flushed with argon at 100 ml/min to eliminate
air traces and heated to 500◦C in flowing Ar to de-
compose precursor salts and remove volatiles adsorbed
on the carbon. The temperature was then lowered to
20◦C and the feed switched to a SO2 mixture in Ar, at
the same flow rate (molar concentrations from 41.6 to
208�mol/dm3). The amounts of adsorbed SO2 were
measured every 15 min by bubbling the outlet gas in
50 ml of a 5% (v/v) H2O2 solution and titrating the
formed H2SO4 with a 0.01 N NaOH solution using
“universal liquid pH indicator” (E. Merck) as the end
point indicator. This technique was proven to be ac-
curate by Davini[8].

The crystal phases detected by in situ XRD after
pre-treatment in inert atmosphere at 500◦C were:
BaCO3/BaO/Ba, Co3O4/CoO/Co, CuO/Cu, Fe2O3/
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Fe3O4, MgCO3/MgO, Mn3O4/MnO2, NiO/Ni, Pb3
O4/PbO, and V2O5/V6O13 for the samples doped
with Ba, Co, Cu, Fe, Mg, Mn, Ni, Pb and V, respec-
tively. Further XRD experiments in inert atmosphere

Fig. 1. SO2 equilibrium uptake for carbon parent sample and samples doped with several additives (a) and several binary mixtures (b) at
20◦C, and under a 208�mol/dm3 SO2 concentration.

showed the same phases, when the temperature was
lowered from 500◦C to the adsorption temperature.

Activated carbons, with and without adsorbed
SO2, were characterised by TPD experiments using a
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quartz micro-reactor. The reactor exit was connected
via a capillary tube to a mass spectrometer set-up
(Fisons MD800) for continuous analysis of the gases
evolved in an MID (multiple ion detection) mode.
For experiments, 50 mg of sample was heated under a
350 ml/min He flow and the temperature was linearly
increased up to 1100◦C at a rate of 5◦C/min.

3. Results and discussion

Fig. 1 shows the SO2 equilibrium uptake on the
several prepared carbon samples at 20◦C and under

Table 1
Physical characterization of the samples

Sample SBET (m2/g) Smesopores(m2/g) Vmicropores(cm3/g) W01 (cm3/g) L1 (nm) Smicropores1(m2/g) W02 (cm3/g)

Carbon 1077 197 0.389 0.373 1.1 704 0.028
Cu/carbon 829 150 0.302 0.288 1.1 514 0.025
V/carbon 856 127 0.323 0.313 1.0 596 0.016
V–Cu/carbon 691 113 0.258 0.249 1.0 493 0.013

Fig. 2. Evolution with time of the adsorbed SO2 at 20◦C for an inlet SO2 concentration of 208�mol/dm3, for the carbon parent sample
and for samples loaded with Cu, V and Cu+ V mixture.

a 208�mol/dm3 SO2 concentration. Adding a metal
increases the adsorption uptake of the carbon parent
sample, except for the samples loaded with Ba and
Mg. The best additives are Cu, V and Fe (Fig. 1a). Ex-
periments reported by other authors also showed good
SO2 adsorption results with metals like Co, Ni, Mn,
V and Fe[10,11,22]. The values agree relatively well
with those reported in the literature[27]. An increase
in the adsorption uptake, which becomes larger than
the sum of the individual metals, is observed when a
mixture of metals is used (Fig. 1b). From these data
it can be concluded that the most promising materials
for SO2 removal are carbons doped with V, Cu and
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mainly their binary mixture. According to these pre-
liminary results, these systems were selected for fur-
ther studies.

Table 1 shows the textural characteristics of the
carbon parent sample and the samples impregnated
with catalysts. It can be seen that both the meso
and micropore surfaces, as well as the micropore
volume, decrease when the carbon is doped. The de-
crease in surface area and micropore volume shows
that apparently the catalyst is distributed in the
pores.

Fig. 2 shows the evolution with time of the ad-
sorbed SO2 at 20◦C for an inlet SO2 concentration
of 208�mol/dm3, for the carbon parent sample and
samples loaded with Cu, V and Cu+ V mixture.
The curves show that after an induction period, the
adsorbed amount increases, for all the systems stud-
ied, until its equilibrium value, attained in less than
2 h. The dotted line, corresponding to the sum of
the Cu and V individual curves, falls below the one
for their mixture, showing that a synergetic effect
results from their combination, at least after 1 h on
stream.

Fig. 3. Adsorption isotherms for the carbon parent sample and samples loaded with Cu, V and Cu+ V mixture.

Table 2
Langmuir parameters of the SO2 adsorption isotherms at 20◦C

Sample qm (�mol/g) K (dm3/�mol)

Carbon 403 1.48× 10−2

Cu/carbon 1380 1.01× 10−2

V/carbon 1380 9.99× 10−3

V–Cu/carbon 3260 1.04× 10−2

The synergy between the V and Cu oxides is prob-
ably due to the highly dispersed surface phases on the
carbon supports.

This behaviour, also observed with other SO2 con-
centrations, will be the subject of further studies.

From the experimental sorption data, adsorption
isotherms were plotted, which were reasonably rep-
resented by the Langmuir model, as shown inFig. 3.
In Table 2the Langmuir parameters,qm (monolayer
capacity) andK (equilibrium constant), for the four
studied systems are displayed. Apparently the adsorp-
tion mechanism is similar for all the doped carbon
systems, since the same value of the equilibrium
constant is able to represent their isotherms.
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Fig. 4. TPD results for the carbon parent sample and for the V doped sample, before and after SO2 adsorption. Desorption of CO2 (a),
CO (b) and SO2 (c) of surface groups are shown.

In Fig. 4, TPD results for the carbon parent sam-
ple and V doped one are shown, before and after
SO2 adsorption. The analysis of this figure shows
that for the carbon parent sample after adsorption

of SO2 there was an increase of the oxygenated
groups, suggesting that the adsorption of SO2 is dis-
sociative. Comparing the parent and the V doped
carbons before SO2 adsorption, it can be concluded
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that the doping slightly increases the surface basic
groups, probably as a consequence of the preparation
process. Even if the sample doped with V suffered
a pre-treatment with N2 at 500◦C, which removes
some groups, the fact that its spectrum clearly shows
a larger amount of the more basic groups supports
the previous conclusion. As was the case for the
parent carbon, the V doped one also presents an
increase of the oxygenated groups, although show-
ing a much larger presence of basic groups and
also of weaker acidic carboxylic groups. Those can
be responsible for the extra adsorption of SO2 ob-
served, since basic groups can enhance SO2 adsorp-
tion as described by several authors[7–9,14,19,25,
28,29].

According to the observations of some authors
in other systems[42], vanadium oxide is non-
stoichiometric, apparently contributing to the adsorp-
tion of SO2 and transferring the surplus oxygen to
the carbon surface. Moreover, Davini and Stoppato
[11] concluded that V can favour the formation of
larger amounts of SO2–surface oxygen complexes. It
seems then that V plays a double role; it contributes
to the increase of the surface basic groups during the
decomposition of the precursor and to a much larger
increase of the same type of groups during the SO2
adsorption step.

4. Conclusions

Adsorption of SO2 on activated carbons is enhanced
by the impregnation with several metals. The best ad-
ditives are Cu, V and Fe. When a mixture of Cu and
V is supported on the carbon, the adsorption uptake
is larger than the sum of the observed with the indi-
vidual metals, showing that a synergetic effect results
from their combination.

The Langmuir model reasonably represents ad-
sorption isotherms. Apparently the adsorption mech-
anism is similar for all the doped carbons, since the
same value of the adsorption equilibrium constant is
obtained.

TPD experiments show that the V doped carbon
sample, after SO2 adsorption at 20◦C, presents an
increase of the oxygenated groups, showing a much
larger presence of basic groups and also weaker acidic
carboxylic groups. The former can be responsible

for the extra adsorption of SO2 observed, since they
enhance SO2 adsorption.
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