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a b s t r a c t

The relationship between calcination/sulphation and attrition/fragmentation of calcium-based SO2 sor-
bents in fluidized bed (FB) combustors has long been recognized, but only recently did attrition by impact
receive due consideration. There is limited available information in the literature on the propensity
of exhausted calcium-based sorbents to undergo high-velocity impact fragmentation after they have
been reactivated by steam or water hydration. The present study addresses the relationship between
hydration-induced reactivation of spent Ca-based sorbents and attrition by impact loading. The sorbent
used in this work (a high-calcium Italian limestone) was pre-processed (sulphation at 850 ◦C in a lab-scale
FB, water hydration for 3 h at 25 ◦C in a thermostatic bath, steam hydration for 3 h at 250 ◦C in a tubular
reactor, dehydration at 850 ◦C in the FB) and subjected to impact tests in a purposely designed impact test
rig, operated with particle impact velocities ranging from 4 to 45 m s−1. The particle size distribution of

the debris was worked out to define a fragmentation index and a probability density function of the size
of generated fragments. The effect of hydration/reactivation of spent sorbent on propensity to undergo
impact fragmentation was assessed, and results are discussed in the light of a mechanistic framework. It
was observed that the prevailing particle breakage pattern was splitting/chipping for water-reactivated
samples, disintegration for steam-reactivated samples. Characterization of sorbent microstructure by
porosimetry and microscopic investigation on the reactivated samples highlighted a clear relationship

gmen
between the extent of fra

. Overview

Removal of sulphur oxides from flue gases issuing from
tmospheric fluidized bed (FB) combustors by absorption on
alcium-based sorbents has been extensively investigated [1]. Par-
icle sulphation most typically conforms to a core–shell sulphation
attern: a sharp reaction front establishes in the sorbent par-
icles between the porous unreacted CaO core and a compact
eacted CaSO4 outer shell [2–6]. Extensive sulphation of the core
s prevented by the onset of strong diffusional resistances to SO2

igration across the shell. The degree of calcium conversion sel-
om exceeds 30–40%, so that over-stoichiometric sorbent feeding

s required, resulting in increased production of solid waste. Reacti-

ation of spent sorbents in order to enhance their desulphurization
bility may be accomplished by either water or steam hydration
7–16]. The recovery of the SO2 sorption ability is mainly due to the
ormation of Ca(OH)2 upon hydration of unreacted CaO in the core

∗ Corresponding author. Tel.: +39 081 674029; fax: +39 081 674090.
E-mail address: fabio.montagnaro@unina.it (F. Montagnaro).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.06.042
tation and the cumulative specific volume of mesopores.
© 2010 Elsevier B.V. All rights reserved.

of spent particles. The larger Ca(OH)2 molar volume compared with
that of CaO determines the swelling of the core and the consequent
fissuring of the hard CaSO4 shell, resulting into improved accessi-
bility of SO2 towards the unconverted core when the reactivated
material is reinjected into the FB reactor. A second possible mech-
anism leading to the enhancement of the sulphur capture ability
of the reactivated sorbent has been recently reported, and con-
sists of sulphur redistribution throughout the particle cross-section
promoted by hydration [9,11,13].

The influence of the progress of chemical reactions (calcina-
tion and sulphation) on attrition/fragmentation of calcium-based
SO2 sorbents in FB combustors has been extensively characterized
[17–23]. These reactions bring about significant modifications of
the mechanical properties of sorbent particles. In particular, the
progress of sulphation significantly hinders the attrition rate, due
to the formation of a tougher CaSO4 outer shell. The extensive liter-

ature on attrition of granular solids in FB [24] suggests that in-bed
attrition can be related to either surface wear or impact damage.
Most of the published investigations on sorbent attrition during
in situ SO2 capture in FB refer to moderate bubbling test condi-
tions, which emphasize the contribution due to surface wear. Only

dx.doi.org/10.1016/j.cej.2010.06.042
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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Fig. 1. Impact damage test apparatus (1 = gas flowmeter; 2 and 4 = lock hopper
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ecently did attrition by impact damage in FB receive considera-
ion [25–27]. Impact damage is related to high-velocity collisions
etween fluidized particles and targets, which can be either bed
aterial or reactor walls/internals. High-velocity impact condi-

ions are experienced by the particles in the grid (jetting) region of
B combustors. The exit region of the riser and the cyclone are other
otential locations of impact damage of sorbent particles. Impact
ragmentation may result into generation of coarse/non-elutriable
nd fine/elutriable fragments, depending on the collision intensity
nd on the mechanical response of the impacting particle. Sorbent
re-processing, e.g. by calcination and sulphation, was shown to
ignificantly affect the extent and pattern of fragmentation due to
mpact [26,27]. In particular, the fragmentation behaviour of sul-
hated limestone is affected by its composite core/shell nature:

mpact loading is mostly withstood by the outer sulphate layer at
oderate impact velocities, resulting in limited fragmentation; at

igh impact velocity, fragmentation is extensive and involves also
he porous unreacted core of the particle. Finally, the nature of the
imestone (and, in particular, the pore size distribution developed
fter its calcination) is likely to strongly influence the fragmenta-
ion tendency of the particles, as reported in [27].

As regards the attrition propensity of hydrated-reactivated
pent sorbents, previous investigations have only partly disclosed
he effect of reactivation on attrition, as they were focused on mod-
rate bubbling test conditions which promoted surface wear and
ragmentation as the key attrition processes [9,11,13,15]. In these
tudies it was concluded that both water and steam reactivation
ffected to a moderate extent sorbent attrition by surface wear.
o information was instead provided as regards the propensity
f reactivated Ca-based sorbents to undergo high-velocity impact
ragmentation. The present study is directed to partly fill this gap,
s it addresses the extent to which reactivation of a spent sorbent
ffects impact fragmentation.

. Experimental

.1. Apparatuses

An electrically heated lab-scale stainless steel atmospheric bub-
ling FB reactor (40 mm ID and 1 m high) was used for sulphation
nd dehydration tests. The gas distributor was a perforated plate
ith 50 holes of 0.5 mm ID in a triangular pitch. On-line analysis of

xhaust gases (SO2, CO2) was accomplished by NDIR gas analyzers.
urther details on the experimental setup can be found elsewhere
11,19].

Steam hydration of spent sorbents was carried out in a stain-
ess steel tubular reactor (Nabertherm B170, 27 mm ID), electrically
eated for a length of 0.8 m. Water hydration was carried out by
oaking spent sorbent in a thermostatic bath (Haake DC50).

Fragmentation by impact loading was characterized by means of
purposely designed experimental apparatus shown in Fig. 1. Sor-
ent particles are entrained in a gas stream and then impacted at
ontrolled velocity against a target [20,25–31]. The test rig consists
f a vertical stainless steel eductor tube (10 mm ID and 1 m high)
quipped with a particle feeding device (a stainless steel hopper).
he gas (air) enters the top section of the eductor tube and flows
ownward. The particle velocity at the impact is controlled by reg-
lating the air flow in the eductor tube by means of a flowmeter.
hen the particles exit the eductor tube, they impact on a rigid

arget plate (made of stainless steel and inclined by 30◦) placed in a

lass collection chamber 50 mm below the bottom end of the tube.
ir leaves the collection chamber from the top section after flowing

hrough a porous cellulose filter where finer particulates are col-
ected. The coarser impacted particles settle at the bottom, whence
hey are retrieved for further analysis.
valves; 3 = hopper; 5 = feeding tube; 6 = eductor tube; 7 = target plate; 8 = collection
chamber; 9 = cellulose filter; 10 = gas flow metering valve).

2.2. Techniques

Characterization of sorbent particles was accomplished with the
following methods:

a) X-ray diffraction (XRD), by means of a Philips PW1710 diffrac-
tometer, with a diffraction angle ranging from 5◦ to 60◦ 2� Cu
K�. XRD aimed at qualitative identification of the main crys-
talline phases in the samples.

b) Mercury porosimetry, by means of a Carlo Erba P2000
porosimeter able to detect pore widths down to 4 nm. Porosi-
metric data were worked out to obtain the pore size distribution
and, in particular, the cumulative pore volume of mesopores,
defined as the pores having width up to 50 nm.

(c) Scanning electron microscopy (SEM), by means of a Philips XL30
microscope, aimed at qualitative inspection of particles mor-
phology.

2.3. Procedures

The sorbent used in the experiments was a high-calcium Ital-
ian limestone (Massicci). Attrition under moderate bubbling test
conditions of this limestone was characterized in Scala et al. [9,19].
Water and steam hydration of exhausted Massicci were character-
ized in Montagnaro et al. [11,13,15].
The experimental campaign was based on the characterization
of samples of limestone pre-processed according to the steps out-
lined in Fig. 2 and described as follows.
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Fig. 2. Outline of the s

.3.1. Sulphation (S)
Sulphation of limestone was carried out until exhaustion (batch-

ise at 850 ◦C) in the FB reactor. The bed material consisted of
ixtures of limestone (20 g, 0.4–0.6 mm) and silica sand (150 g,

.85–1 mm), fluidized at 0.75 m s−1 (the incipient fluidization
elocity of the bed material is 0.3 m s−1 at 850 ◦C) with a gaseous
tream containing SO2 (1800 ppmv), O2 (17.4%v) and N2 (balance).
nder these operating conditions, a sulphation time of 3 h was suf-
cient to make the sorbent particles fully exhausted. At the end
f S tests, the exhausted sorbent was discharged from the bed and
ieved out of the sand. The final degree of calcium conversion in
particles was 27.7%. Microscopic investigation of particle cross-

ections demonstrated that the limestone was sulphated according
o a prevailing core–shell pattern [11].

.3.2. Water hydration-reactivation (WH)
S particles were reactivated by water hydration in the thermo-

tatic bath, at 25 ◦C for a curing time of 3 h. To this end, batches
f sulphated samples (10 g) blended with a large excess of dis-
illed water (liquid/solid mass ratio = 25) were charged to sealed
olyethylene bags and put in the thermostatic bath. At the end of
he WH experiments, samples were retrieved from the apparatus,
acuum filtered and stored overnight at 110 ◦C in a desiccator.

.3.3. Steam hydration-reactivation (SH)
S particles were reactivated by steam hydration in the tubu-

ar reactor, at 250 ◦C for 3 h. To this end, batches of sulphated
amples (2 g) were charged in a ceramic holder and put into the
eactor. Steam was continuously fed to the reactor at a flow rate of
.144 m3 h−1 (at 250 ◦C), a value largely over-stoichiometric when
ompared with the unconverted calcium present in the S sample.
t the end of the SH experiments, samples were retrieved from

he apparatus, vacuum filtered and stored overnight at 110 ◦C in a
esiccator.

.3.4. Dehydration on water hydrated (WHD) and steam
ydrated (SHD) sorbent particles

When reactivated particles (either WH or SH) are reinjected in
he hot FB, a very rapid loss of steam due to the decomposition of
a(OH)2 to CaO occurs, yielding the samples denoted as WHD and
HD, respectively. As the release of moisture and inherent water
s usually very fast as compared to sulphation, it can be assumed
hat WHD and SHD samples are representative of the actual sorbent
ndergoing resulphation once reactivated sorbent is reinjected into
he fluidized bed combustor. Accordingly, impact damage of WHD
nd SHD samples was characterized in the present study, rather
han that of the less representative WH and SH. WHD and SHD
amples were generated by dehydrating WH and SH samples at
50 ◦C for 10 min in the FB reactor. The bed was fluidized with air
t 0.75 m s−1.

.3.5. Impact tests

Samples (1.5 g) of either WHD or SHD particles, sieved in the

article size range 0.4–0.6 mm, were fed to the impact test appara-
us (Fig. 1) operated at ambient temperature. The particle impact
elocity v was calculated as the sum of the gas velocity in the educ-
or tube and the particle terminal velocity. Simple calculations and
preparation protocol.

experimental particle tracking (with the aid of a high-speed video-
camera) indicated that particle acceleration to this velocity was
complete well before impact. The tests were carried out for values
of v ranging from 4 to 45 m s−1. These velocities were selected so
as to reproduce impact conditions that are likely to occur near the
gas distributor of industrial-scale FB combustors. After the impact
tests, WHD and SHD particles were retrieved from the collection
chamber and weighed. The estimation of the material loss during
the impact tests was carried out by mass balance. Loss of material
was always within 3% of the initial sample weight. The collected
samples were then characterized by granulometric analysis per-
formed by mechanical sieving. To this end, a probability density
function (PDF) of the sizes of particles collected after the impact
was defined as:

PDF(di) = x(di)
w(di)

(1)

where x is the fractional mass of particles in a given size range
(having di as mean diameter) and w is the width of that size range.

3. Results and discussion

Fig. 3a and b shows the XRD spectra for WH and SH parti-
cles, respectively: only Ca(OH)2 (portlandite) as hydration product
and CaSO4 (anhydrite) as unconverted species were detected. The
absence of lime indicates complete CaO ⇒ Ca(OH)2 conversion,
while the presence of anhydrite is consistent with the negligible
rate of CaSO4 hydration reactions under the operating conditions
tested. XRD analysis for WHD and SHD particles are reported in
Fig. 3c and d, respectively. The stronger signal is that related to
the presence of lime deriving from Ca(OH)2 decomposition, besides
anhydrite and a minor signal for quartz related to sand impurities.
The weak portlandite signals observable for WHD could be related
to some CaO weathering effect after FB dehydration.

Figs. 4a and 5a report the cumulative particle size distributions
of WHD and SHD samples, respectively, impacted at different veloc-
ities. In this work, all the collected particles (after impact) whose
size falls below the lower limit of the feed size interval (0.4 mm)
are classified as fragments. It is noted that the amount of fragments
formed after one impact against the target increases with v, even
if, for WHD, this tendency is less evident for v < 24 m s−1.

Figs. 4b and 5b show the PDF of the fragment sizes for WHD and
SHD samples, respectively, collected after impact tests. The particle
breakage pattern can be directly linked to the PDF of the impacted
samples [26]. With reference to the scheme of Fig. 6, it is recalled
here that:

a) Particle chipping is associated with the generation of a limited
number of fragments of a size much smaller than that of the
parent particle.

b) Particle splitting is associated with the breakage of a particle into
a relatively small number of fragments of a size comparable

with that of the parent particle.

(c) Particle disintegration is associated with an extensive loss of par-
ticle connectivity, which results in the generation of a large
number of small fragments, possibly reflecting the natural grain
size [32] of the parent particle.
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Fig. 3. XRD spectra of: (a) WH; (b) SH; (c) WHD; (d) SHD samples (A =

For brittle or semibrittle materials, impact generates cracks
lose to the contact point at the impact, which eventually prop-

gate within the particle. If the energy associated with the impact
s small (small v), crack propagation is confined within a region
lose to the particle surface, eventually bending toward the parti-
le surface and resulting in chipping. For larger values of the impact

ig. 4. Cumulative size distribution (a) and probability density function of particle size (b
article size range 0.4–0.6 mm).
rite, CaSO4; L = lime, CaO; P = portlandite, Ca(OH)2; Q = quartz, SiO2).

energy, crack propagation extends across the whole particle, which
eventually undergoes splitting [33]. For softer materials, particles

breakage could more likely take place according to a disintegration
pattern.

From inspection of Fig. 4b, it can be observed that the prevailing
breakage pattern for WHD is particle splitting, possibly combined

) of fragments collected after impact of WHD particles at different velocities (initial
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ig. 5. Cumulative size distribution (a) and probability density function of particle
article size range 0.4–0.6 mm).

ith a certain degree of chipping. On the contrary, curves in Fig. 5b
ighlight a breakage pattern conforming to a disintegration mech-
nism for SHD samples (see Fig. 6).

To quantify the tendency of particles to undergo impact damage,
t is useful to report the mass fractions of fragments f, defined as
he total fraction of fragments cumulatively collected after impact:

=
di=0.4 mm∑

di=0

x(di) (2)

s a function of v for WHD and SHD samples. These data are shown
n the double-logarithmic plot of Fig. 7, chosen to better highlight

k
he occurrence of power-law f versus v relationships (f ∝ v ), as
requently found by other authors [34,35].

For WHD, f increases from 3.1% (v = 4 m s−1) to 24.1% (v =
5 m s−1), displaying a transition at v = 24 m s−1, marked by a pro-
ounced change of the slope of the plot (i.e., of the power-law

Fig. 6. Impact fragmentation patterns of WHD and SHD samples.
) of fragments collected after impact of SHD particles at different velocities (initial

index k). Most likely this corresponds to the point at which impact
fragmentation by splitting becomes dominant.

It is interesting to compare the fragmentation pattern of WHD
sample with that previously observed for the S sample [26]. Both are
reported in Fig. 7. In the comparison, one should consider that WHD
preserves the very same chemical structure (CaSO4 concentrated
in the outer shell, CaO in the inner core) of S particles, whereas the
microstructural properties of WHD samples have been affected by
the hydration-dehydration steps. At small values of v, the fractional
mass of fragments f for WHD is larger than for S, consistently with
the hypothesis that the hydration/dehydration treatment some-
what weakens the particle outer shell. At large impact velocities
v the two curves are very close to each other, suggesting that the
two samples display comparable mechanical resistance to the most
energetic impacts. This might be explained in terms of the relative
contribution to the mechanical resistance due to the outer shell
versus the inner core of the particle. Under high-velocity impact
conditions the whole particle withstands the mechanical stresses
induced by impact, so that the apparent mechanical resistance of
WHD and S samples is comparable, and the effect of microstructural
differences confined in the outer layer vanishes.
When the extent of fragmentation of SHD samples is analyzed,
it is found that increasing the impact velocity brings about a pro-
nounced increase of f (from 3.2% at v = 4 m s−1 to 62.1% at v =
45 m s−1) associated with a remarkable change of attrition pattern

Fig. 7. Relationship between the fractional mass of fragments f and the impact
velocity v for WHD, SHD and S particles.
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Table 1
Cumulative specific mesopore volume for WHD, SHD and S samples.

Sample Mesoporosity (mm3 g−1)

(
o
c
m
s
s
W
i
m
o
a
i
p
T
r
W

i
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t
e

WHD 31.0
SHD 195.0
S 32.5

Fig. 7). In fact, large values of f obeying a power–law relationship
ver the entire range of impact velocities investigated are found,
onsistent with the disintegration failure pattern typical of soft
aterials. Comparison of f-values measured with WHD and SHD

amples suggests that (except for the smallest v investigated) SHD
amples are always more prone to undergo impact breakage than
HD samples. Moreover, even if the SHD chemical composition

s not much different from those of WHD and S samples, its frag-
entation pattern appears completely different from that of the

ther two samples. Interestingly, at very low impact velocity WHD
nd SHD samples give very similar impact fragmentation results,
ndicating that the sulphur-rich sorbent surface layer displays com-
arable mechanical resistance after the two different treatments.
his result is consistent with the previous finding that the attrition
ates by surface wear under moderate bubbling FB conditions of

HD and SHD samples are very close to each other [9,11,13,15].
One key to the attrition propensity of the different samples
s represented by their microstructural properties, which have
een analyzed by porosimetric characterization. Table 1 reports the
alues of mesoporosity of S, WHD and SHD samples. The cumula-
ive mesopore volumes of WHD and S samples are fairly close to
ach other (about 30 mm3 g−1), while SHD is much more porous

Fig. 9. SEM micrographs

Fig. 10. SEM micrograph
Fig. 8. Relationship between cumulative specific mesopore volume and fractional
mass of fragments f at v = 45 m s−1 for different sorbent samples.

(195 mm3 g−1). This could be related to low-temperature ‘cram-
ming’ phenomena, induced by the water treatment and responsible
for a reduced porosity of WHD particles [11]. A close correlation
could be established between impact attrition at high v and meso-

pore volume of S, WHD and SHD samples, which extends also to
the corresponding properties of the calcined limestone (investi-
gated in Scala et al. [26]). This correlation is reported in Fig. 8. The
fair correlation between the extent of attrition f and the cumula-

of WHD samples.

s of SHD samples.
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ive mesopore volume is consistent with the view that under the
ost energetic impact conditions the bulk properties of the sor-

ent particles, and in particular their mesoporosity, is one key to
ragmentation by impact.

Microstructural characterization of WHD and SHD was com-
lemented by SEM analysis. Micrographs of selected samples are
eported in Figs. 9 and 10. WHD samples display a relatively com-
act structure, with only few superficial cracks. SHD samples have
different appearance, as they look more porous and corrugated.
hese features are consistent with the results of porosimetric anal-
sis and with the fragmentation extent and pattern of the two types
f samples.

Altogether, experimental results indicate that impact fragmen-
ation of reactivated sorbent particles is extensive, especially at the
ighest impact velocities investigated. The consequences of frag-
entation on exploitation of reactivated sorbent after reinjection

n the fluidized bed are not trivial. On the one hand, particle break-
ge can lead to undesired loss of sorbent material by elutriation
uring resulphation. On the other hand, contacting the unreacted
ore of the particles with the reacting atmosphere can be enhanced
y fragmentation, so that resulphation can take place more effec-
ively. The competition between these conflicting effects in real FB
ombustors is affected by a combination of sorbent properties and
perational parameters of the combustor which concur in deter-
ining the inventory and the particle size distribution of sorbent

articles establishing at steady state in the bed, as reported in Mon-
agnaro et al. [36]. Implementation of impact fragmentation data
f reactivated sorbents collected in the present study into compre-
ensive population balance models of sorbent particles will be the
ubject of forthcoming research activities.

. Conclusions

Reactivation of the desulphurization ability of spent calcium-
ased sorbents from fluidized bed combustors may be effectively
ccomplished by hydration with either water or steam. Hydration
rings about modifications in the attrition propensity of the sor-
ent. The effect of reactivation on attrition by surface wear and
n fragmentation under moderate bubbling fluidization conditions
as been already documented in the literature. The fragmentation
f a high-calcium sorbent reactivated by either water or steam
ydration under high-velocity impact conditions has been char-
cterized in the present study. The raw sorbent was pre-processed
sulphated, reactivated by either water or steam, dehydrated) and
ubjected to tests in a purposely designed apparatus in which sor-
ent particles could be impacted against a rigid target at velocities
anging from 4 to 45 m s−1.

Results showed that the total fraction of fragments cumula-
ively collected after one impact with the target increases with
he impact velocity, up to 24.1% and 62.1% (at impact velocity of
5 m s−1) for water- and steam-reactivated samples, respectively.
ifferent breakage patterns were observed depending on sorbent
re-processing. The prevailing fragmentation pattern was split-
ing/chipping (with a prevailing fractional mass of relatively coarse
ragments) for water-reactivated samples. It was disintegration
with extensive generation of fine fragments) for steam-reactivated
amples.

The extent and pattern of sorbent fragmentation was suc-
essfully correlated with the microstructural properties of the
re-processed samples, assessed via mercury porosimetry. In par-

icular, the maximum extent of particle fragmentation was directly
inked to the cumulative mesopore volume of either spent or
eactivated samples. The correlation was further supported by
icrostructural characterization obtained by microscopic inspec-

ion of the different samples, which revealed a more porous and

[

[

ing Journal 162 (2010) 1067–1074 1073

corrugated nature of steam-reactivated samples as compared with
water-reactivated ones.
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