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The regeneration by steam hydration of the sulfur capture ability of spent sorbent
particles from Fluidized Bed Combustion (FBC) is addressed. The process is charac-
terized in terms of effectiveness of sorbent reactivation, hydration degree, particle sul-
fation pattern, development of accessible porosity, and extent of particle attrition and
fragmentation. Steam reactivation experiments were carried out in a lab-scale atmos-
pheric FBC at 250°C for 10, 30, and 180 min with 0.05 MPa steam partial pressure.
The effectiveness of sorbent reactivation was assessed by reinjecting the reactivated
material into the FB reactor operated at 850°C under simulated desulfurization condi-
tions and following the degree of calcium conversion and the attrition rate along with
resulfation. The experimental results indicated that steam reactivation is effective in
renewing the SO, uptake ability of the exhausted sorbent particles. The regeneration
mechanism based on the swelling upon hydration of the unreacted core, the generation
of fissures and cracks, and the consequent development of accessible porosity is con-
firmed for the limestone under scrutiny. In addition to this, a remarkable result was
that steam hydration induces, for the sorbent under investigation, a pronounced sulfur
redistribution throughout the particle cross-section, which provides another pathway to
the enhancement of the sulfur capture ability of the reactivated sorbent. © 2006 Ameri-
can Institute of Chemical Engineers AIChE J, 52: 4090—4098, 2006
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attrition
Introduction

The possibility of achieving in situ removal of SO, by the
injection of a calcium-based sorbent in a Fluidized Bed Com-
bustor (FBC) is attractive, since limestone is relatively cheap
Correspondence concerning this article should be addressed to F. Montagnaro at and displays peak sulfur capture efficiencies around the typi-
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cal range of FBC operating temperatures. *~ Sorbent sulfation
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all oxidizing conditions and at atmospheric pressure, pro-
ceeds according to the following reactions:

CaCO; (s) & CaO (s) + CO; (g) )]
Ca0 (s) + SOs (g) + %oz () & CaSO4 (s) ()

Microscopic investigation of spent particle cross-sections
revealed that limestones of different origin may undergo a
variety of sulfation patterns: i) core/shell sulfation pattern,
characterized by the formation of a CaSOy-rich outer shell,
which prevents further sulfation of the unreacted core; ii)
network sulfation pattern, in which fractures/cavities typical
of the original particle texture favor the formation of multi-
ple unreacted CaO nuclei surrounded by sulfated layers; iii)
uniform sulfation pattern, where the clear-cut distinction
between unsulfated and sulfated zones throughout the par-
ticles is lost. The relationships existing among the properties
of the native limestone, the process conditions, and the ulti-
mate sulfation pattern have not been completely clarified and
are the subject of considerable research effort.*>

To complete the mechanistic framework of sorbent conver-
sion in FBC, it should be recalled that substantial changes in
size distribution of sorbent particles can be brought about by
particle fragmentation and attrition.'®™"* Primary fragmentation
occurs immediately after sorbent feeding, driven by thermal
stresses and by internal overpressure associated with the course
of calcination. Primary fragmentation, sometimes referred to as
decrepitation, ends up with the generation of either coarse or
fine fragments. Attrition by abrasion is determined by surface
wear between sorbent particles and bed solids, and typically
yields fine and quickly elutriable fragments. Secondary frag-
mentation of sorbent particles is most often associated with
impact loading, yielding mostly coarse non-elutriable frag-
ments. Both attrition by abrasion and secondary fragmentation
are significantly affected by the parallel course of calcination
and sulfation. In particular, the build-up of a hard sulfated shell
in the core-shell or network sulfation patterns is responsible, in
the long term, for the decrease of attrition and secondary frag-
mentation of sorbent particles.

FB combustion generates larger quantities of solid residues
with respect to suspension firing. Moreover, these wastes are
of worse quality when a possible re-use in the cement and
concrete industry is considered.'> This has driven research
toward processes aimed at reactivating the spent sorbent, to
limit ash disposal and sorbent consumption. Currently, sor-
bent reactivation by either water or steam hydration is
receiving renewed consideration,lﬁ_25 as demonstrated by the
recently-built 790 MWth circulating FBC owned by ENEL
and located in Sulcis (Sardinia, Italy), the first commercial
unit designed to employ steam reactivation.?®

The renewal of the SO, sorption ability of an exhausted
sorbent as it is reactivated by water or steam has been related
to the formation of Ca(OH), as unreacted CaO is hydrated.
The larger molar volume of calcium hydroxide with respect
to calcium oxide determines the swelling of the core of
hydrated particles and the subsequent breakage of their sul-
fated shells. This process enhances further exploitation of the
sulfur capture ability of the reactivated particles, as they are
reinjected into the combustor. In addition to this mechanism,
recent studies on the liquid-phase hydration of a spent sor-
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bent highlighted the occurrence of a pronounced sulfur redis-
tribution throughout the sorbent particles. Since this process,
which further contributes to the enhancement of the reactiva-
tion-induced sulfur uptake,w’23 has not been observed with
other spent sorbents,?’ it remains to be clarified whether sul-
fur redistribution is a general or sorbent-specific process and
what factors could promote it.

It is the subject of considerable debate whether the core/
shell or network sulfation patterns are essential prerequisites
for hydration-induced reactivation to be effective. The sus-
ceptibility of some uniformly sulfating limestones to be
effectively reactivated by hydration has been recently demon-
strated,?® at odds with previously reported findings.* When
considering this much-debated subject, one should bear in
mind that the very distinction between network and uniform
sulfation patterns presents some degree of arbitrariness. In
fact, the distinction between the heterogeneous and the ho-
mogeneous nature of a spent limestone, through the recogni-
tion of reacted/unreacted domains within the particle, is cru-
cially related to the space-resolution with which the fine
structure of the limestone is probed by SEM-EDX analysis
of particle cross-sections. This space-resolution is seldom
reported in previously published studies, thus preventing the
possibility of a definitive assessment of whether particle hetero-
geneities might be obscured by lack of resolution. Altogether, it
appears that the lack of characterization of petrographic and
microtextural properties of limestones, either unreacted or pre-
processed, somewhat undermines the possibility to make reli-
able predictions about the sulfation and reactivation patterns for
limestones of different origin and nature.

Consideration of the effect of fuel ash on reactivation of
spent sorbent further complicates the matter. Reactivation by
water hydration of industrial FBC ashes generates, besides
Ca(OH),, several calcium silico/sulpho/aluminate hydrates,
like ettringite’'; the formation of these binding phases,
which can be exploited for further desulfurization, may on
the other hand adversely influence the operation of regenera-
tors by promoting agglomeration of hydrated particles. Care-
ful design and operation of the regenerator is, therefore,
required to overcome operational issues.*? Conversely, the
formation of a dry product and the limited fraction of bind-
ing phases after steam reactivation of spent FBC ashes makes
it possible to overcome agglomeration. When comparing
steam- and water-reactivation, it must be considered that
intraparticle diffusion across the sulfate shell may limit the
effectiveness of steam/CaO contact, making sorbent reactiva-
tion slower. This phenomenon is not generally encountered
in water reactivation, as H,O permeates the shell of the spent
sorbent particles by capillary penetration.

The proper choice of reactivation temperature is also sub-
ject to debate. Water hydration is usually favored by higher
temperatures. On the other hand, the optimal steam reactiva-
tion temperature is established by considering the competi-
tion between intraparticle diffusion and chemical reaction. At
high temperatures, the chemical reaction ceases to be the
rate-limiting step, and steam, diffusing toward the CaO
grains, reacts rapidly at their surface, filling intraparticle
voids; this may yield a “double-layer structure” (an external
layer of CaSO, and an internal layer of Ca(OH),), which
covers the unhydrated CaO core and hampers further hydra-
tion. Conversely, at lower temperatures, both diffusion and

DOI 10.1002/aic 4091



chemical reaction are rate-controlling, thus favoring a more
uniform hydration of unreacted CaO. Altogether, the com-
bined effect of the process temperature on surface area, po-
rosity, and pore size distribution of the reactivated sorbents
has been observed,?® indicating the existence of an optimum
reactivation temperature around 300°C. Finally, the need to
keep the reactivation temperature as high as possible should
be borne in mind, to avoid heat losses associated with cool-
ing and reheating ashes.

The present work addresses the steam reactivation of an
Italian limestone. The influence of the hydration time on the
extent of steam reactivation is assessed. The changes of
microstructural and morphological properties of the reacti-
vated sorbents are characterized and related to the corre-
sponding renewal of the SO, uptake ability. The analysis is
pursued further to the characterization of the influence of
steam hydration on the fragmentation and attrition propensity
of the regenerated sorbent.

Experimental
Materials
Sulfated (S), steam hydrated (H), dehydrated (D), and

resulfated (RS) samples were obtained from the raw sorbent
(R) through the following steps:

dehydration D

R calcination & first sulfation g steam hydration H

resulfation RS
3

The raw sorbent was an Italian high-calcium (96.8% CaCO3)
limestone, commercially referred to as Massicci.

Gases used in the different tests were N, (supplied in cyl-
inders), steam (from vaporization of distilled water), SO,-N,
mixtures (0.3% SO,, supplied in cylinders) and technical
grade dehumidified air. In addition to the raw or pre-proc-
essed sorbent samples, the bed in all FB but H tests consisted
of silica sand.

Apparatus: the fluidized bed converter

Experimental tests were carried out in a stainless steel
atmospheric bubbling FB reactor (Figure 1). The reactor is
a laboratory-scale facility, 40 mm ID, consisting of three
sections: a) the preheater/premixer of the fluidizing gas
(height = 0.66 m) at the bottom; b) the fluidization column
(height = 0.95 m); c) the two-exit head, made of brass and
mounted on top of the fluidization column, to which the
solids feeding hopper and exhaust line are connected. A
3 mm-thick perforated plate (49 holes of 0.5 mm ID in a
triangular pitch) serves as gas distributor.

The reactor is electrically heated by two semi cylindrical
ovens (2.4 kW each, 0.60 m-height, OD = 0.22 m) located
around the upper part of the preheater/premixer and the
lower part of the fluidization column. Heat losses from the
ovens are limited by ceramic fiber insulation. A type-K ther-
mocouple measures the temperature at 40 mm above the gas
distributor, flush to the inner surface of the fluidization col-
umn. The thermocouple is connected with a PID temperature
controller modulating electrical power supply to the ovens.
The upper part of the fluidization column is unlagged so as

4092 DOI 10.1002/aic

Published on behalf of the AIChE

g & =]
L = [

13

sb

m

Figure 1. Sketch of the FB reactor employed.

1 = gas preheating/premixing section; 2 = electrical furna-
ces; 3 = ceramic insulators; 4 = gas distributor; 5a = ther-
mocouple; 5b = thermocouple connected to a PID tempera-
ture controller; 6 = fluidization column; 7 = head with
three-way valve; 8 = sintered brass filters; 9 = hopper; 10
= SO, scrubber; 11 = stack; 12 = cellulose filter; 13 =
membrane pump; 14 = gas analyzers; 15 = personal com-
puter; 16 = manometer; 17 = digital mass flow meters/con-
trollers; 18 = air dehumidifier (silica gel); 19 = peristaltic
pump; 20 = vaporizer.

to favor rapid cooling down of gases and prevent further
reactions of elutriated fines.

Nitrogen, air, and the SO,-N, mixture are supplied to the
reactor by means of mass flow meters/controllers (Brooks,
0154/5850). Steam is generated by a specially designed water
vaporizer, made of a ceramic tubular pipe wrapped by elec-
tric resistances and insulated by ceramic fiber. The electric
resistances are connected to a variable voltage electrical sup-
ply in order to modulate the heat transferred to the distilled
water, fed to the vaporizer by a peristaltic pump (Stepdos,
FEM 03.18 RC). A thermocouple measures the temperature
of the generated steam, which is fed to the preheater/pre-
mixer section immediately below the electrical ovens to
avoid steam condensation.

The two-exit head is purposely designed to convey flue
gases through either of two 25 mm ID cylindrical sintered
brass filters (height = 35 mm, filtration efficiency = 1 for
>10 pm-particles). Alternated use of filters enables time-
resolved capture of elutriated fines at the exhaust. On-line
analysis of flue gas is accomplished. In particular, SO, is
detected by nondispersive infrared analyzer (Hartmann &
Braun, Uras 3G), whose precision and reproducibility is
better than =5x10%. Concentration signals are logged on
a PC at a sampling rate of 1 Hz.

Procedures: first sulfation (S) and resulfation
(RS) of sorbent samples

The operating conditions of S and RS tests are reported in
Table 1. Sorbent (either R or H) particles were sieved in the
size range 0.4-0.6 mm and sulfated at 850°C by fluidizing the
FB reactor at 0.8 m/s with an SO,-0,-N, mixture (0.18%
SO,, 8.5% 0O,). The bed consisted of 20-25 g of sorbent + 150
g of 0.85-1 mm silica sand (this coarser size range was chosen
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Table 1. Operating Conditions for Sulfation (S), Steam Hydration (H), Dehydration (D), and Resulfation (RS) Tests

S H D RS
Bed material raw sorbent exhausted reactivated sorbent reactivated sorbent
(20 g) + sand (150 g) sorbent (50 g) (15 g) + sand (150 g) (25 g) + sand (150 g)
Sorbent size range 0.4-0.6 mm 0.4-0.6 mm 0.4-0.6 mm 0.4-0.6 mm
Sand size range 0.85-1 mm - 0.85-1 mm 0.85-1 mm
Temperature 850°C 250°C 850°C 850°C
Time 180 min 10, 30 and 180 min 5 min 180 min
Gas inlet composition 0.18% SO, 50% N,- air 0.18% SO,
8.5% 0,-N, 50% steam 8.5% 0,-N,
Gas superficial velocity 0.8 m/s 0.2 m/s 0.8 m/s 0.8 m/s

so as to easily separate the two solids by gentle sieving after the
tests). The tests lasted 180 min, and the degree of calcium
conversion was calculated as a function of time by working out
the SO, concentration at the exhaust according to:

Jy [Féo, — P8, 0] ac

Nca

Xea(t) = “

where Fi, and Fg§ (t) are, respectively, the molar rates of SO,
fed to the reactor and at the exhaust, and nc, are the moles of
calcium in the raw sorbent initially fed to the reactor (see Egs.
1 and 2). Strictly speaking, this value is influenced by the loss of
CaO in the elutriated fines, which is appreciable at the beginning
of the sulfation test; this was taken into account by estimating
the loss of unconverted calcium in the elutriated fines through-
out the test. Xc,(t) was reproducible within Xc,(t) = 1%. SO;
concentration at the exhaust was not monitored, but it was
accounted for when processing SO, concentration.'” The spe-
cific elutriation rate of fines E(t) was calculated as the mass of
elutriated fines collected in the filter per unit time and per unit
initial mass of sorbent. Moreover, R and S particles were ana-
lyzed by mercury porosimetry, and S samples by SEM-EDX.

Procedures: steam hydration-reactivation (H)
of spent sorbent

The operating conditions of the experimental tests are
reported in Table 1. Exhausted (S) sorbent particles were reac-
tivated by steam hydration in the FB reactor, at 250°C. Hydra-
tion times (ty) investigated were ty = 10, 30, and 180 min. The
reactor was charged with a bed of 50 g of spent sorbent (parti-
cle size range = 0.4-0.6 mm), subsequently fluidized at 0.2 m/s
with a steam-N, (50%-50%) gas mixture. At the end of the
tests, the bed was discharged and H particles were analyzed by
XRD and SEM-EDX. Moreover, the effect of the H treatment
on the fragmentation of sorbent particles was assessed by siev-
ing (in 9 size ranges between 0 and 0.6 mm), after the tests, the
bed material in order to obtain the particle size distribution and
the mean Sauter diameter:

1

>,

where x; is the mass fraction of the particles having mean
diameter d;.

ds (&)

Procedures: dehydration (D) of reactivated sorbent
H particles were sieved in the size range 0.4-0.6 mm and
dehydrated for 5 min at 850°C by fluidizing the FB reactor
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with air at 0.8 m/s (see Table 1). In D tests the bed consisted
of 15 g of reactivated sorbent + 150 g of 0.85-1 mm silica
sand. At the end of the experiments, the bed was discharged
and D particles were analyzed by mercury porosimetry. In
addition, the effect of the D treatment on the fragmentation
of sorbent particles was assessed by sieving the bed material
after the tests in order to obtain the particle size distribution
and the mean Sauter diameter.

Microstructural characterization: SEM-EDX analysis

Particle cross-sections of S and H material (polished and
embedded in epoxy resin) were analyzed at magnification =
50x by means of a Scanning Electron Microscope (SEM)—
Philips, XL30—with an LaBg¢ filament and equipped with an
Energy Dispersive X-ray (EDX) probe—Edax, DX-4, resolu-
tion = 138 eV—for elemental mapping of sulfur throughout
the particle cross-section.

Microstructural characterization: CCSEM-EDX mapping
technique

An algorithm was purposely set up for automated analysis of
EDX elemental maps with the aim of obtaining semi-quantita-
tive indicators of sulfur distribution throughout the particle
cross-section.”> This Computer Controlled SEM-EDX
(CCSEM-EDX) procedure, worked out in G programming lan-
guage (National Instruments, IMAQ Vision), generates proba-
bility density functions of pointwise sulfur contents, which can
be directly related to the sorbent particle sulfation pattern.

A Relative Sulfur Content (RSC) is defined as the intensity
of the signal generated by the EDX sulfur map (varying
from 0 to 2%). The RSC value obtained by the mapping pro-
cedure could not be quantitatively related to the actual local
sulfur content. However, since it was obtained according to a
strictly reproducible and standardized protocol, it provided a
reliable tool for semi-quantitative comparative analysis of
samples of different nature. Figure 2 exemplifies the interpre-
tation of RSC plots: a) Bimodal probability density functions
of sulfur content are indicative of core-shell or network parti-
cle sulfation patterns. In fact, one peak corresponds to the
low-sulfur-content zone (core zone in the core-shell pattern,
unreacted nuclei in the network pattern), another peak corre-
sponds to the high-sulfur-content zone (shell zone in the
core-shell pattern, sulfated grains in the network pattern); b)
Unimodal distribution functions correspond to a uniform sul-
fur distribution throughout the particle.

Microstructural characterization: XRD analysis
H particles were characterized by X-Ray Diffraction
(XRD, Philips, PW1710). XRD aimed at the qualitative spe-
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Figure 2. Assessment of sorbent sulfation patterns
from probability density functions of relative
sulfur content.

ciation of the main crystalline phases in hydrated-reactivated
samples. The diffraction angle ranged from 5 to 60°20 (Cu-
Ko) with a 0.02°20 increment.

Microstructural characterization: porosimetric analysis

Mercury porosimetry of R, S, and D samples was carried
out by means of a porosimeter (Carlo Erba, P2000) operated
at pressures ranging from 0.1 to 200 MPa (corresponding to
pore radii in the range from 6800 to 4 nm). Porosimetric
data were worked out in terms of cumulative pore undersize
distributions.

Results
First sulfation (S) of raw sorbent

Figure 3 reports the degree of calcium conversion Xc, as
a function of time during first sulfation (S) tests. Operating
conditions were such that the reactor could not be considered
differential with respect to SO,. In fact, SO, dropped to van-

0.60 T
055 — 8 . 4%
050 Scliunl
0.45 f=r=rr=- RS (1, =180 min)|
0,40 P
033 bt ——=
0.30
02s
0.20
01s I
0101 4. : :
0.05 first sulphation !
0,00 }
0 30 60 90 120 150 180 210 240 270 300 330 360

T
J
{3
]
=

resulphation

Time, min

Figure 3. Degree of calcium conversion as a function
of time during S and RS tests.
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ishingly small values at the beginning of the test, to increase
thereafter until the inlet concentration was approached in the
long term. This feature prevented the assessment of the
kinetics of sulfur capture from differential analysis of Xc,
versus t curves. The ultimate degree of calcium conversion
of the raw sorbent was 28%, a value consistent with pub-
lished values for limestones of similar proper‘[ies.34

Figure 4 reports the sorbent elutriation rate E(t) measured
during S test. A pronounced spike was recorded at the begin-
ning, followed by a monotonic decay of E(t) along the test.
This t]rgrllgi results from the interplay of the following pro-
cesses = :

(i) calcination brings about primary fragmentation into
elutriable particles and coarse non-elutriable angular frag-
ments;

(ii) removal of surface asperities (rounding off) from
angular coarse fragments is extensive in the early stages of
sorbent processing in FB, to decrease thereafter;

(iii) the progress of sulfation further reduces attrition and
elutriation by strengthening the particle outer layer.

Results of porosimetric analysis on R and S samples are
reported in Figure 5 and Table 2. For the sake of simplicity,
pores with radius less than 100 nm will be referred to as
“finer pores” hereinafter.*> While the raw sorbent was rela-
tively non-porous (porosity = 9%, cumulative specific pore
volume = 34 mm3/g), the spent sorbent showed relatively
larger pore volumes (19% and 85 mm?/g, respectively), as
a consequence of the combined effect of full calcination (Eq.
1) and partial sulfation (Eq. 2) of the raw sorbent. The con-
tribution of finer pores increased from 32% in the raw sor-
bent to 51% in the spent material.

The analysis of the morphological/textural changes associated
with sulfation is completed by the SEM-EDX characterization of
the cross-section of an S multiparticle sample, reported in Figure
6. Inspection of this figure reveals that particles are prevailingly
sulfated according to core-shell and network patterns, though a
few uniformly sulfated particles could also be detected. This was
quantitatively confirmed by CCSEM-EDX (Figure 7 and Table
3), where a bimodal distribution function (typical of core-shell
and network sulfation patterns, Figure 2) was obtained, featuring
a core-zone area = 35%.

0.014

8

RS {H at t,;=10 min)
RS (Hat t,=30 min)
RS (H at t;=180 min

0.013 A

4 1 @

0.001

E, g elutriated/(min-g initial sorbent)
=1=
=

0000
0 1 20 30 40 30 60 TO B0 90 100

Time, min

Figure 4. Specific fines elutriation rate during S and RS
tests.
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Figure 5. Cumulative pore undersize distribution of R,
S, and D samples.

Steam hydration-reactivation (H) of spent sorbent

Figure 8 reports the XRD spectra for steam hydrated-reac-
tivated (H) samples. At all ty investigated it can be observed
that CaSO, does not give rise to any gypsum-like phase. For
ty = 10 and 30 min, the course of the hydration reaction
(CaO = Ca(OH),) determines a higher intensity of portlan-
dite peaks, while the level of lime peaks correspondingly
decreases. Hydration is completed only after ty = 180 min,
where lime peaks cannot be observed any more. Quartz
peaks appearing in the spectra are to be related to small sand
impurities.

Figure 9 shows the particle size distribution of the H sam-
ples. Hydration times of 10 and 30 min do not induce signifi-
cant particle fragmentation; in both cases, less than 8% of
the particles are found in the range 0-0.4 mm, and the occur-
rence of particles in the range 0-0.1 mm is negligible. Conse-
quently, the Sauter mean diameter dg (0.47 mm) is very
close to that of the feeding. By contrast, at ty = 180 min the
hydration-induced fragmentation is much more pronounced:
51% of the particles fall in the range 0-0.4 mm, and a non-
negligible fraction of particles fall in the range 0-0.1 mm;
correspondingly, dg is much smaller (0.22 mm). This result
should be related to the prolonged stay of the particles in the
FB reactor at ty = 180 min and to the complete hydration-
induced swelling effect.

Figure 6 reports the SEM-EDX mapping of H multiparticle
sample cross-sections. It can be recognized that the longer
ty, the larger the fraction of uniformly sulfated particles.
This finding suggests that the steam hydration-reactivation
treatment promotes sulfur redistribution from the shell zone
to the core zone, resulting in a larger extent of unsulfated
calcium in the shell—available for resulfation—as compared

Table 2. Results of Porosimetric Analysis

Cumulative
Specific Pore Fraction of
Sample Porosity Volume Finer Pores
R 9% 34 mm®/g 32%
S 19% 85 mm?/g 51%
D (H at ty = 10 min) 22% 102 mm*/g 54%
D (H at tj; = 30 min) 25% 115 mm®/g 48%
D (H at ty = 180 min) 32% 174 mm’/g 41%
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with the spent sorbent. The occurrence of sulfur redistribu-
tion was recently reported for the first time'®?* as resulting
from the water-hydration of the same limestone employed in
the present study. In that case, sulfur redistribution was
explained in the light of a solubilization/precipitation mecha-
nism involving ionic species via the aqueous phase. It could
be speculated that similar redistribution processes, potentially
promoted by the presence of adsorbates, might be at work
during steam hydration. Further work is needed to fully elu-
cidate the mechanisms responsible for redistribution.

Sulfur redistribution has been quantitatively assessed by
means of CCSEM-EDX analysis (Figure 7 and Table 3).
Similar to the spent sorbent, H samples show a bimodal dis-
tribution function. However, the core-zone area (Figure 2)
decreases from 35% (spent sorbent) to 3% (sample steam-
reactivated at ty = 180 min), corresponding to a nearly uni-
form distribution of sulfur across the particle. Correspond-
ingly, the variance of the distribution decreases from 216
(spent sorbent) to 70 (ty = 180 min), further confirming the
more even distribution of sulfur as ty increases.

Dehydration (D) of reactivated sorbent

The following phenomena occur as H particles are rein-
jected in the hot fluidized bed: a) rapid heating up to the
resulfation temperature (850°C); b) loss of steam due to the
decomposition of Ca(OH), to yield CaO (starting around
550°C). Both these phenomena are in turn responsible for par-
ticle fragmentation. The porous structure further developed by
the dehydration of particles is mainly responsible for the sub-
sequent SO, capture upon resulfation. These phenomena have
been quantitatively assessed in dehydration (D) tests.

Figure 9 reports the particle size distribution of D par-
ticles. Dehydration brings about a noticeable fragmentation:
44% of the particles hydrated for ty = 180 min fall in the
size bin 0-0.4 mm after dehydration. This value decreases to
10-14% for samples hydrated at ty = 10 and 30 min. More-

H (ty=10 min)

H (ty=30 min)

H {t=180 min)

SEM EDX-Sulphar

Figure 6. SEM-EDX analysis of cross-sections of S par-
ticles, and of H particles hydrated at t4 = 10,
30, and 180 min.
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Figure 7. Probability density functions of Relative Sulfur Content (RSC) from CCSEM-EDX analysis of multiparticle

samples.

over, the fractional mass of particles in the size range 0-0.1
mm is negligible after dehydration of particles hydrated for
ty = 10 and 30 min, while it is appreciable for the sample
steam-hydrated for ty = 180 min. The average Sauter diame-
ters are 0.44, 0.42, and 0.27 mm for D samples hydrated at
ty = 10, 30, and 180 min, respectively. The extensive frag-
mentation of D samples deriving from long hydration times
could obviously be related to the larger Ca(OH), amount. On
the one hand, larger portlandite contents give rise to more
extensive steam release upon reinjection into the hot fluid-
ized bed. On the other hand, it is likely that the more exten-
sively hydrated samples are characterized by residual me-
chanical stresses associated with swelling of the unreacted
core, which, in turn, might make them more susceptible to
breakage upon impact or surface wear.

Results of the porosimetric characterization of D samples
are summarized in Figure 5 and Table 2. Steam hydration/
dehydration induces the development of accessible porosity.
The longer ty, the larger the accessible porosity: the cumula-
tive specific pore volume (85 mm?/g for the spent sorbent) is
102, 115, and 174 mm3/g for the dehydrated sorbents
hydrated at ty = 10, 30, and 180 min, respectively. Corre-

Table 3. CCSEM-EDX Analysis Results for Multiparticle

Samples
Sample Core-Zone Area Variance (¢?)
S 35% 216
H (ti = 10 min) 20% 143
H (tg = 30 min) 10% 90
H (tg = 180 min) 3% 70
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spondingly, the total porosities (19% for the spent sorbent)
are 22%, 25%, and 32%. Apparently, the combined hydra-
tion/dehydration process affects the volume of the bigger
pores to a larger extent than that of the finer pores.

Resulfation (RS) of reactivated sorbent

Figure 3 reports the calcium conversion degree Xc,(t)
recorded during resulfation (RS) of reactivated sorbent sam-
ples. Reactivation effectively regenerates the sorption ability of
the unsulfated calcium, as demonstrated by the further signifi-
cant increase of X, with respect to the value attained at the
end of the first sulfation (28%). The ultimate calcium conver-
sion degree increases as ty increases: 36% when ty = 10 min,
41% when ty = 30 min, and 54% when ty = 180 min.

Figure 4 reports the sorbent elutriation rate E(t) measured dur-
ing resulfation tests. Sorbent samples hydrated for ty = 10 and
30 min are characterized by a strong reduction of the elutriation
rate with respect to that of the fresh sorbent. On the contrary, elu-
triation is far more extensive for the sorbent reactivated at tyy =
180 min. The attrition propensity can be satisfactorily correlated
with the extent of sorbent hydration achieved during H tests.
Regardless of the pre-treatment conditions, the sorbent elutria-
tion rate decreases with sulfation time, as observed for the first
sulfation of the raw sorbent, reflecting the parallel progress of
particle rounding off and sulfation. Finally, it is recalled here that
the impact of comminution phenomena on the sorbent perform-
ances should be considered in the light of two conflicting effects:

(i) elutriable fines generated by attrition/fragmentation are
characterized by shorter residence times in the reactor

December 2006 Vol. 52, No. 12 AIChE Journal



when compared with the parent particles, and this may
negatively affect calcium conversion;

(i) daughter fragments of smaller size are characterized by
faster and more extensive calcium conversion when com-
pared with the mother particles.

Whether and how the two effects balance each other cannot
be established a priori, depending on the design and operational
parameters of the FB process, and on the specific sorbent parti-
cle size distributions originating from attrition/fragmentation.

Conclusions

Steam hydration of a spent limestone sulfating according to
the core-shell/network pattern is effective to regenerate the

1600

H (t;=10 min)

1400 -
1200 -
1000 -
800 -
600 -

Peak intensity, a.u.

400 -

200 -

0

5 10 15 20 25 30 35 40 45 50 55 60
Diffraction angle, °20

1200 A H (t; =30 min)
1000 -
800 -
600

400 -

Peak intensity, a.u.

200 A

0

5 10 15 20 25 30 35 40 45 50 55 60
Diffraction angle, °20

2500

H (t,=180 min)

2000 A

1500 A

1000 -

Peak intensity, a.u.

P P

500 Q AA A
P P A Pl PALA

0

5 10 15 20 25 30 35 40 45 50 55 60

Diffraction angle, °20

Figure 8. XRD spectra of H particles hydrated at t,
10, 30, and 180 min (A = anhydrite, CaSO,;
= lime, CaO; P = portlandite, Ca(OH),; Q
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H and D samples.

SO, uptake ability of the sorbent: the degree of calcium utili-
zation increases from 28% to 54% after a single exposure for
180 min at steam partial pressure of 0.05 MPa and at a tem-
perature of 250°C. Samples collected after each step (sulfation
of the raw sorbent, hydration and dehydration of the spent sor-
bent, and resulfation of the reactivated limestone) were sepa-
rately characterized to clarify the key mechanisms of sorbent
reactivation. Hydration of unreacted lime to Ca(OH), is com-
plete after 180 min under the hydration conditions tested.
Lime hydration is responsible for the development of cracks
and fissures within the sorbent particles, which enhances parti-
cle accessibility and further sulfur uptake. Hydrated samples
are also characterized by a certain propensity to undergo frag-
mentation and attrition upon further processing in FB. More-
over, it is observed that hydration brings about a pronounced
redistribution of sulfur across the particle cross-section; the
non-uniform sulfur uptake typical of the core-shell and net-
work sulfation patterns evens out, upon prolonged (180 min)
hydration, into a remarkably uniform sulfur distribution. This
process increases the availability of free lime in the particle
outer layer, providing an additional pathway to the enhance-
ment of sulfur capture. Dehydration of hydrated samples fur-
ther contributes to opening up the porous structure. This
affects both the accessibility of unreacted lime through the
pore network as well as fragmentation and attrition of the
regenerated sorbent particles.

Altogether, results of the present study suggest that a close
correlation can be established among the change of textural
and chemical characteristics induced by hydration/dehydra-
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tion of spent sorbents, the regeneration of the spent sorbent
sulfur uptake ability, and the attrition/fragmentation propen-
sity of the reactivated sorbent particles. The assessment of
the actual performance of the regenerated sorbent in the
combustion chamber should take into account, on the one
hand, the renewed hydration-induced sulfur uptake ability,
and, on the other hand, the consequences that enhanced frag-
mentation and attrition of regenerated sorbent exert on parti-
cle size and residence time distribution.
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