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1 | OVERVIEW
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Abstract

A possibility to carry out sorption-enhanced gasification (SEG) is represented by its
integration with the calcium looping concept in dual interconnected fluidized beds
(DIFB). This article is focused on the sorbent CO, uptake performance and attrition/
fragmentation tendency when operating conditions simulating those of a DIFB-SEG
process are adopted. Experiments were carried out on a commercial Italian limestone
in a laboratory-scale DIFB reactor. Carbonation was carried out in a range of test
conditions, including variable temperature (600-700°C) and absence/presence of
steam (10% by volume); CO, concentration was set at 10% by volume. The charac-
terization is extended by investigating the behavior of preprocessed DIFB-SEG sam-
ples on impact fragmentation tests, conducted in an ex situ apparatus. Tests were
carried out for impact velocities in the range 17-45 m/s. Results were discussed
considering both the impact velocity value and the operating conditions under which

the sample was preprocessed in the fluidized bed.
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toward less harmful products (e.g., CO, CO,) and H,. The SEG process

can benefit to a large extent from borrowing the extensive understand-

Sorption-enhanced gasification (SEG) is a relatively novel and
promising concept that can be based, for example, on the use of
inexpensive and widely available Ca-based sorbent (like limestone)
to remove CO, from the syngas in situ during gasification
(e.g., steam gasification) of a solid fuel, either renewable, waste-
derived or fossil. Continuous in situ CO, sorption pushes the equi-
librium of the water-gas shift reaction (CO + H,O=CO, + H,)
toward the products, resulting in Hy-enriched syngas (up to 80%
by vol.).! Moreover, the presence of Ca in the gasification environ-
ment can exert a catalytic effect>? in the reforming of fuel-derived tars

ing and characterization of the calcium looping (Cal) process, a post-
combustion technique aimed at removing CO, from flue gas. CalL is most
typically carried out in a dual interconnected fluidized beds (DIFB) reac-
tor scheme with a Ca-based sorbent being cycled between the carbon-
ator, where it captures CO, from flue gas, and the calciner, where the
sorbent releases concentrated CO, and is regenerated for another
cyclet 1t

A scheme of the process is illustrated in Figure 1. DIFB reactors
stem out as a natural choice for carrying out SEG*?*3 according to the

following main reasons: (i) heterogeneous reactions, involving both
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FIGURE 1 Outline of sorption-
enhanced gasification in dual
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the sorbent and the fuel, are conveniently carried out in fluidized
beds, due to the very efficient mixing, heat/mass transfer, and tem-
perature control; (ii) circulation of granular solids from one reaction
environment to the other is easily accomplished when the particles
are in fluidized state. Solid fuel is fed to the gasifier-carbonator
together with the gasifying stream (steam/oxygen). Gasification takes
place at circa 600-700°C vyielding a primary syngas with C/H ratio
that depends on the operating conditions. At the same time, the reac-
tor is fed with a stream of CaO: CO, capture from the primary syngas
occurs via sorbent carbonation (CaO + CO, - CaCQOs), active in this
temperature range, yielding: (i) a secondary syngas rich in H, (and
depleted in CO,); (ii) a solid stream of carbonated sorbent (plus
unconverted CaO) and gasified solid char, with residual carbon con-
tent. The latter stream is sent to the combustor-calciner, operated in
the range 800-900°C, where it is contacted with air and, if needed,
additional fuel. In this reactor, the sorbent is regenerated due to calci-
nation (CaCO3; > CaO + CO,), to produce a CaO stream ready for
further cycling. Combustion of residual carbon and use of auxiliary
fuel in the calciner must be tailored in the light of the following
requirements: (i) the calciner operates at higher temperature than the
carbonator, and limestone calcination is endothermal; (i) the stream
of regenerated sorbent must act as heat carrier, so to sustain the con-
ditions in the gasifier-carbonator, since gasification reactions are over-
all endothermal. The flue gas leaving the combustor will be CO,-rich,
but only additional techniques (f.i., operating the reactor in oxyfuel
mode, or postprocessing the flue gas, e.g., by Cal) would enable the
recovery of CO, at concentration levels compatible with its geological
storage or utilization.

The design of sorbent looping processes in DIFB reactors must
take into account the following aspects: (i) sorbent deactivation
(i.e., decay of CO, capture performance) over repeated cycling, conse-
quence of thermal and chemical sintering and, particularly in SEG, of
possible “poisoning” by sulfur-containing species, tar, and solid fuel;
(ii) loss of sorbent material due to elutriation, that may be enhanced
by attrition and fragmentation.2*~1” Occurrence of (i) and (ii) requires
continuous make-up of fresh sorbent to compensate for losses of sor-
bent uptake performance: “chemical” loss due to sintering, “physical”
loss due to elutriation.

The application of the CalL concept to carry out SEG is therefore
a potential way to increase the gasification efficiency. Despite similari-
ties between CalL and the SEG process depicted in Figure 1, it is
important to highlight that the typical operating conditions of CalL,
which essentially is a postcombustion CO, capture and concentration
process, are different from those of interest in this context, for exam-

ple, in terms of composition of gaseous atmospheres and operating

temperatures for both calcination and carbonation stages. Literature
reports details on gasifier performance, reactor design, and process
analysis when a Ca-based sorbent is used as a mean to push the syn-
gas composition toward higher purity in H,.*82% SEG is generally
ascribed to the class of sorption-enhanced reforming processes, with
literature investigating the integration with a Ca-based sorbent.26-28
Specific aspects about sorbent behavior are present in these articles,

725 35 the focus on

but there are issues still deserving investigation,
the effect that the operating conditions typical for a SEG process
based on CaL concept have on sorbent CO, capture ability and attri-
tion tendency, which is different from what retrieved in pure CalL
studies by virtue of the differences commented above.

In this framework, our contribution in this research article is
focused on the sorbent CO, uptake performance and attrition/
fragmentation tendency when operating conditions simulating those
of a DIFB-SEG process are adopted. To this end, experiments were
carried out on a commercial Italian limestone in a laboratory-scale
DIFB reactor, by voluntarily excluding the effect of the solid fuel. In
particular, the influence of temperature and the effect of steam in the
carbonator were specifically scrutinized. Quantitative data referring to
carbonation degree and elutriation rate are discussed, the first aspect
being crucial for the process efficiency, and the second one relevant
when the large fine particle loadings often reported at the cyclones of
pilot scale units are considered. Moreover, a topic very rarely
addressed in the pertinent literature is the impact fragmentation ten-
dency of sorbent particles under DIFB-SEG conditions: this is a phe-
nomenon related to the impact of particles against targets (reactor
walls, other bed particles) according to the complex fluid-dynamics of
FB systems, where the formation of fragments determines the shift of
the sorbent particle size distribution (PSD) toward finer sizes with
consequences on both solid residence time distribution and particle
reactivity toward CO,. This article reports on this issue as well,
through ex situ experiments carried out in an impact test rig on DIFB-
SEG preprocessed sorbent samples.

2 | DESCRIPTION OF THE EXPERIMENTAL
CAMPAIGN

The experimental campaign was conducted in a laboratory-scale twin
interconnected FB reactor, purposely designed for looping tests. The
“Twin Bed” apparatus (Figure 2) consists of two identical bubbling flu-
idized beds operated as calciner and carbonator, respectively. The two
reactors are electrically heated and have inner diameter of 40 mm.

They are divided in three sections: a wind box (0.66 m height) acting
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FIGURE 2 The “Twin Bed” reactor
used for simulated DIFB-SEG tests (left:
scheme; right: picture). DIFB, dual
interconnected fluidized beds; SEG,
sorption-enhanced gasification
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also as gas preheater; the fluidized bed (1.0 m height), separated from
the wind box by a perforated plate; the exit section, with an exhaust
duct whence the flue gas is conveyed, via a valves system, to sintered
steel filters (efficiency >99% for >10 pm particles) for collection of
elutriated fines. A steel hopper for solid feeding is connected side-
ways to each reactor. Both reactors are independently operated in
batch mode with respect to the solids. They are connected to each
other by a duct (inner diameter of 10 mm), partially immersed in the
beds, used for fast pneumatic conveying of the sorbent between the
two reactors. The transfer of sorbent is accomplished by opening
the valve located on the duct while acting on the valves located at the
reactors' exhaust to generate the required pressure drop between the
two reactors. The key advantage of this experimental setup is that it
enables to reproduce a realistic particle thermal, chemical, and
mechanical history, while preserving simplicity and manageability of
the experimental protocol and reactor operation. A complete descrip-
tion of the apparatus is reported by Coppola et al.2?

The sorbent used in the investigation was an Italian limestone
(“Massicci,” almost pure CaCOg). Cylinders of CO, and N,, and a
steam generation system (Bronkhorst CEM - Controlled Evaporator
and Mixer), equipped with a flow meter/controller, were used to pro-
duce surrogate flue gases to simulate SEG conditions. A “test” con-
sisted of 10 complete cycles of calcination/carbonation, plus an 11th
calcination stage (resulting in 21 total stages). The initial charge of
limestone was mg = 10 g, sieved in the size range 0.4-0.6 mm. At the
beginning of the test, the sorbent was fed to the calciner. Silica sand
(size 0.85-1 mm) was used in both reactors as fluidization/thermal
ballast material, to limit both temperature fluctuations due to chemical
reactions and reactor temperature variations as the sorbent is con-
veyed from one reactor to the other. Sand proved to be chemically

inert and with negligible contribution to attrition/fragmentation of the
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sorbent. For all the tests (Table 1), calcination was performed at
T = 850°C fluidizing the bed with a stream of 10% (by volume) CO,
(balance air) to simulate oxidizing conditions typical of the combustor-
calciner (Figure 1). In the carbonation stage, the temperature was var-
ied in the range 600-700°C and the CO, concentration was set at
10% by volume. Carbonation was carried out either in absence or in
presence of steam (when present, steam was 10% by volume). The
balance was always N, in this stage, with an effort to simulate,
although partly, reducing conditions typical of the gasifier-carbonator
(Figure 1 where, actually, other reducing gases would be present, like
as H, and CO). Experiments were performed under six different car-
bonation operation conditions, with variable temperature and steam
concentration (Table 1). Each calcination or carbonation stage lasted
for 10 min, a time long enough to observe practical completion of the
reactions. Both the beds were fluidized at a superficial velocity of
0.5 m/s, at process conditions, that is, twice the minimum fluidization
velocity. This value optimizes the segregation between sorbent and
bed material (silica sand), which is crucial to have a good pneumatic
transport of the sorbent between the two reactors, and to minimize
sand transport.?’ The apparatus at hand results under fluidized bed
bubbling conditions, which is typical for FB gasifiers.

During each carbonation stage, the CO, concentration at the
exhaust was continuously monitored by a NDIR analyzer and the
uptake of CO, was calculated by working out the time series of CO,
exit concentration. The CO, specific capture performance ¢ was
calculated as the mass of CO, captured in a stage per mass of initial
sorbent, according to

T Wito, ~wes, o) at
&= P

. D
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Carbonation TABLE 1  Operating conditions of
Calcination simulated DIFB-SEG tests
T600D T600W T650D T650W T700D  T700W
Temperature (°C) 850 600 600 650 650 700 700
CO; (% v.) 10 10 10 10 10 10 10
Air (% v.) 90 - - - - - -
H,0 (% v.) = = 10 = 10 = 10
N, (% v.) - 90 80 90 80 90 80

Note: The carbonation conditions have been labeled T,;,, where a is the temperature (600°C, 650°C,

700°C) and b is “D” for “dry” conditions and “W” for “wet” conditions.

Abbreviations: DIFB, dual interconnected fluidized beds; SEG, sorption-enhanced gasification.

where W is mass flow rates and t is the time. It is, thus, highlighted
that the reference mass of sorbent in Equation (1) is mg = 10 g (the
initial charge of limestone, and not the mass of active CaO stage by
stage), in accordance with the definition of & given in our previous
studies. Data of & were equivalently expressed in terms of Xc,, the
carbonation degree of Ca, that is, the moles of Ca reacted to CaCO3
with respect to the moles of Ca initially charged in the DIFB system,

where MW is the molecular weight:

~ MWocaco,

Xca=
Ca MWCOZ

¢ 2)

The sorbent attrition rate was determined by working out the mass of
fines elutriated at the exhaust and collected in the filters. The specific
elutriation rate E is defined as the mass of sorbent fines cumulatively
collected over a stage (calcination or carbonation), mg, divided by the

initial mass of sorbent and by the duration of the stage itself, At:

Me|

oAt ®)

When sorbent particles are processed in full-scale fluidized bed envi-
ronment, they also undergo fragmentation by impact damage, related
to high-velocity collisions between fluidized particles and targets (bed
internals or other bed solids).24%°~32 These collisions can be experi-
enced by the particles in the jetting region of the FB reactor, as well
as in the exit region of the riser and the cyclone, or in reactor constric-
tions, if present. Depending on the extent and pattern of impact frag-
mentation, coarse (nonelutriable) and fine (elutriable) fragments can
be generated. In this study, scale and fluid-dynamics of the laboratory
DIFB system would not promote impact fragmentation conditions;
therefore, the phenomenon was specifically addressed in an ex situ
apparatus reported in Figure 3, based on the concept of entraining
particles in a gas stream at controlled velocity and impacting them
against a target. The system consists of a vertical stainless steel educ-
tor tube (ET), 1 m high, inner diameter 10 mm, equipped with a parti-
cle feeder (a stainless steel hopper). A controlled air flow enters the
top section of the ET. The sorbent particles contained in the hopper
are transported through the tube, accelerated by the air flow. When
the particles exit the ET, they impact on a rigid target plate placed in a

Sorbent inlet

|

Is

Air
6 outlet

HEED
]

8 10

]

T Air inlet 7

FIGURE 3 Scheme of the ex situ impact testing apparatus (1: gas
flowmeter; 2 and 4: lock hopper valves; 3: hopper; 5: feeding tube; 6:
eductor tube; 7: target plate; 8: collection chamber; 9: cellulose filter;
10: gas flow metering valve)

glass collection chamber 50 mm below the bottom end of the tube.
The target is made of stainless steel and is inclined by 30° with
respect to the horizontal. The particle impact velocity v is calculated
as the sum of the gas velocity in the ET and the particle terminal

velocity. This means that particle acceleration to this velocity is
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complete before impact as confirmed by calculations and by particle
tracking at the exit of the ET with a high-speed (10,000 frames per
second) video camera (Photron Ultima APX).3! After impact, the
debris can be retrieved from the collection chamber, for PSD analysis.
Full description of the system can be found in Coppola et al.*® This
apparatus was conceived by the authors basing on literature
works.3®7%7 It is different from the standard ASTM (D5757-11) jet-
cup apparatus, typically used for abrasion testing of granular materials.
The present device specifically serves to study particle attrition under
high-velocity impacts, but without the parallel presence of surface
abrasion (unavoidable, instead, in the ASTM apparatus). In this way,
the two different contributions to attrition (abrasion vs. impact frag-
mentation) could be independently measured without mutual
interference.

Preprocessed samples (1.0 g) subjected to ex situ impact fragmen-
tation tests were those arising from DIFB tests carried out under the
six different operating conditions (Table 1), at the end of the 11th cal-
cination stage, separated from sand by a 0.71 mm-sieve and resieved
in the reference particle size range 0.4-0.6 mm. Impact tests were
conducted at room temperature with values of v ranging from 17 to
45 m/s (each of the six DIFB samples was tested for five different
impact velocities). These velocities were selected to reproduce realis-
tic impact conditions that are likely to establish in FB systems. The
cumulative PSD of impacted fragments was obtained by mechanical
sieving. Finally, defining x(d;) the mass fraction of particles falling in a
size interval with mean diameter d;, we consider as “fragments” the
impacted particles finer than 0.4 mm (the lower limit of the particle
size range of the inlet sample), and therefore the cumulative mass

fraction of fragments f reads

f= Zdi<o,4mm[x(di)]: (4)

Values of f can be obtained as a function of v for each sample. Data of
f vs. v were plotted on a log-log chart, to better highlight the estab-
lishment of power-law relationships, f o V¥, between mass fraction of
fragments and impact velocity.

3 | RESULTS AND DISCUSSION
3.1 | CO, capture performance of the sorbent in
DIFB-SEG tests

Figure 4 reports the values of £ (Equation (1)) along with the number
N of carbonation stages for all the simulated DIFB-SEG tests (Table 1).
The effect of thermal sintering is evident from the decline of & on iter-
ated calcination/carbonation cycles. The decay is very pronounced
after the first cycles, to slow down thereafter. We will use T600D as
the reference base-case, for which &N = 1) = 0.199 g/g,
corresponding to a carbonation conversion degree Xc, = 45.2%, and
&N = 10) = 0.030 g/g (Xca = 6.8%). The effect of temperature may
be appreciated by comparing the reference case with T650D (where

AI?BIl:'J R NALJE’;f12
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FIGURE 4

Specific CO, capture performance £ as a function of
the number N of carbonation stage for DIFB-SEG tests. Operating
conditions listed in Table 1. Each experiment was repeated three
times and bars representing minimum and maximum values are
reported together with the average measure. DIFB, dual
interconnected fluidized beds; SEG, sorption-enhanced gasification

Xca decreases from 47.7% [N = 1] to 13.4% [N = 10]) and T700D
(where Xc, decreases from 45.0% [N = 1] to 15.9% [N = 10]): the
value of the carbonation degree averaged over 10 carbonation stages
increases from 15.7% to 23.4% when the temperature increases from
600°C to 700°C in absence of steam (Figure 5): a positive effect of
T is suggested, due to the enhanced chemical kinetics and CO, solid
diffusion. A further proof of this behavior can be found in Figure 6,
where the measured trends of outlet CO, concentration vs. time are
reported for tests carried out under dry conditions at the three tem-
peratures (reference carbonation stage N = 1). The carbonation pro-
cess can be subdivided in two phases: a first one (phase “A”)
controlled by chemical kinetics, and a second one (phase “B”) ruled by
CO, diffusion in sorbent pores and through the carbonate layer.3®
The kinetic stage is mostly represented by the fast decrease in outlet
CO, concentration (fast capture of CO, by CaO sorbent). The diffu-
sive stage is mainly characterized by the subsequent slow increase in
the curve, which is actually slower (i.e., better CO, capture) when
T increases. Of course, even higher carbonation temperatures, not
considered in this study, would sooner or later bring about thermody-
namic limitations, and hamper the course of exothermal carbonation.
Also in presence of steam (Figures 4 and 5), the comparison of
tests at 600°C vs. 650°C confirms that increasing T exerts a positive
effect: for T600W, it is Xc, = 47.0% for N = 1 and Xc, = 10.9% for
N = 10 (average 19.4%), while for T650W, it is Xc, = 50.8% for N = 1
and Xc, = 19.1% for N = 10 (average 25.6%). Moreover, the presence
of steam during the carbonation stage exerts a positive influence on
the overall performance of the sorbent, as inferred by comparing,
respectively, the results for T600W vs. Té600D, and T650W
vs. T650D. This positive effect can be associated with the enhanced
diffusion of CO, inside the porous network of the sorbent particle in
presence of steam, with the development of a more favorable sorbent

morphology and energy related to the CO, capture process by CaO,
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FIGURE 5

Effect of carbonation conditions on the carbonation degree averaged over 10 stages: role of temperature in absence (up-left) and

presence (up-right) of steam, and role of steam (down). Bars represent minimum and maximum values for the average carbonation degree (three

repetitions)

along with the formation of ionic (OH™) species, in presence of H,0, as
widely discussed in literature.>*>37-4> On the other hand, at higher tem-
perature, H,O starts to promote sorbent sintering phenomena,***” and
this could explain why T700W (N = 1 > Xc = 454% and
N = 10 > Xc; = 12.9%,; average 20.8%) did not show the best result
among the tests.

The highest and lowest values of & were obtained under T650W
and T600D reaction conditions, respectively. If we compare these
data with those obtained under conventional CaL conditions,** it may
be stated that the more severe Cal calcination temperature (>900°C),
required by thermodynamics constraints due to the CO, richer cal-
ciner atmosphere, brings about more extensive sintering resulting in
far less efficient CO, capture, an aspect also discussed by Tregambi
etal*®

The absence of fuel in the simulated tests can of course influence
the sorbent performance, due to the contextual absence of other
gases (e.g., Hy, CH,4, CO, NO,) that could have an effect on CO, cap-
ture. This will be verified in the future with devoted tests. Anyway,
from the profiles of CO, capture decay (cf. Figure 4) it is possible to

extrapolate data useful for the correct design of the system.*®

3.2 | In-bed sorbent attrition

The specific elutriation rate E (Equation 3) was determined from the
amount of sorbent collected at the exhaust during calcination and car-
bonation stages. Table 2 reports its average value (over the 21 stages
of each test), in the range 0.017-0.038 x 10> min~?, corresponding
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to an average fractional loss of sorbent per stage in the range
0.017%-0.038% with respect to the initial mass of sorbent (each
stage lasts 10 min). An interesting correlation may be generally
established between the extent of CO, uptake and sorbent elutriation
tendency by attrition. Operating conditions that give rise to enhanced
CO, capture yield sorbent samples characterized by larger fractional
content of CaCOs. It is here assumed that the latter, harder than CaO,
can concentrate near the outer surface of the particle, according to a

core-shell pattern as discussed in literature,10-38°0

exposed to attrition
by surface wear under fluidized conditions. This argument supports
the finding that larger values of ¢ are typically associated with lower
values for E (Figure 7). Actually, the case with the lowest elutriation
rate, T650W, is the one with the highest average carbonation
degree—vice versa for the T600D sample. It is highlighted here that
the correlation suggested in Figure 7 was not strictly observed among
all the six investigated cases: for example, the T700D case shows a
slightly higher average value for CO, capture performance than
T650D (Figure 5), and a slightly larger mean value for specific elutria-
tion rate (Table 2) as well. Minor effects related to operating tempera-
ture (able to fragilize the particle structure) might be at work in this

case. Finally, reported data can be useful to extrapolate possible

— T700D
12 A

Outlet CO, concentration % vol.

0 T T T T T T T T T
0 50 100 150 200 250 300 350 400 450

Time (s)

FIGURE 6 Trends of outlet CO, concentration vs. time for
T600D (down), T650D (middle), and T700D (up) conditions during the
first (N = 1) carbonation stage (“A” = kinetics-controlled stage;

“B” = solid diffusion-controlled stage)
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attrition data at large scale by means of established equations in

literature reporting E vs. operating conditions.>?

3.3 | Impact fragmentation for sorbent
preprocessed in DIFB-SEG tests

Cumulative PSD and log-log f vs. v plot are reported in Figures 8 and
9, respectively, for debris analyzed after impact tests on the
preprocessed DIFB-SEG samples. We start our analysis with the
T600D case (meaning that the impact tests have been carried out on
samples preprocessed in the DIFB system under the T600D operating
conditions reported in Table 1). As expected, the fragments size distri-
bution is progressively shifted toward finer sizes as v increases
(Figure 8) and the cumulative mass fraction of fragments increases
with the impact velocity as a consequence of the higher energy asso-
ciated with the impact event (Figure 9): f is around 1%-3% up to a
critical velocity* v* = 31 m/s, then a marked slope change in the f(v)
curve is observed with f increasing up to 13% at v = 45 m/s,
suggesting that k, the exponent of the power-law f(v) relationship,
increases when v trespasses v* (it is k = 1.21 for v < v*, k = 3.89 for
v 2 v* for a better visibility, data for T600D are separately illustrated
in Figure 10) so underlining the more relevant mass production of
fragments at higher velocities of impact. For low impact velocities
(i.e., low impact energy, v < v*), the propagation of fractures due to the
impact event is mostly confined at the particles' surface, so mostly pro-
ducing fine chips (that can be seen as fragments of size much finer than
the parent particle size). When the energy associated to the impact event
increases, the fractures can propagate throughout the particle giving rise
to the splitting of the parent particles into fragments of comparable size
(see Figure 10; for a deeper analysis of chipping and splitting phenom-
ena, the reader is referred to our previous studies'®3%). Consequently,
splitting ends up into a more relevant mass production of fragments, as
seen from the values of k in chipping and splitting regimes (Figure 10).
This chipping/splitting pattern can be applied to semibrittle materials, as
it might be the case for a sorbent sample preprocessed (and, then, partly
thermally sintered) for many cycles during DIFB-SEG operation.

CaCo, ﬁ

= -

Resistance to
Gt - 1

surface wear

Conditions for higher CO, capture (¢£) ===

FIGURE 7 Relationship between CO, capture performance and
resistance to attrition by surface wear

TABLE 2 Mean value (over 21 T600D T600W T650D T650W T700D T700W

stages) of the specific elutriation rate for -

DIFB-SEG tests E x 10% (min~Y) 0.038 0.028 0.030 0.017 0.032 0.022
o (min~%) 0.0016 0.0011 0.0029 0.0008 0.0050 0.0011

Note: Values averaged over three repeated tests and reported along with standard deviation ¢, calculated

based on E x 10° values.

Abbreviations: DIFB, dual interconnected fluidized beds; SEG, sorption-enhanced gasification.
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FIGURE 8 Cumulative particle size distributions of fragments (d; < 0.4 mm) as a function of the impact velocity (reported in legend) for
samples preprocessed in DIFB-SEG tests and then tested in the ex situ impact apparatus. DIFB, dual interconnected fluidized beds; SEG, sorption-

enhanced gasification

Similar trends were also generally observed for other samples,
with f in the range 2%-4% in the chipping regime, then increasing up
to 6%-10% (at v = 45 m/s) in the splitting regime. It must be here rec-
alled that the DIFB-SEG samples were subjected to impact tests after
the 11th calcination in the fluidized bed system: as calcination is a

chemical reaction substantially complete under the adopted operating
conditions (850°C in 10/90 CO,/air atmosphere for all samples), an
aspect experimentally verified by the analysis of CO, concentration
time series at the calciner exhaust, the sorbent samples can be consid-
ered as mostly constituted by CaO. Therefore, their tendency to
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FIGURE 9 Cumulative mass fraction of fragments vs. impact
velocity (log-log plot) for samples preprocessed in DIFB-SEG tests
and then tested in the ex situ impact apparatus. DIFB, dual
interconnected fluidized beds; SEG, sorption-enhanced gasification
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FIGURE 10 Cumulative mass fraction of fragments vs. impact
velocity (log-log plot) for T600D sample (from Figure 9) with
information on chipping and splitting regimes (up) and illustration of
particle chipping/splitting at increasing velocity of impact against a
solid target, for semibrittle materials (down)

impact fragmentation can be here ruled by physical, rather than chem-
ical (i.e., effect of the carbonate shell) properties. As depicted in
Figure 11, the average value of f (over the five values of v) generally
decreases as the carbonation temperature, to which the sorbent was
subjected in the DIFB process, increases in the carbonation tempera-
ture range 600-700°C. This can be related to enhanced hardening
(= more resistant particle) promoted by the process temperature. On
the other hand, in the T range investigated, no clear effect of the pres-

ence of water vapor (vs. its absence) was observed. It is here

0.14

0.12

0.1

0.08

0.06

0.04

0.02

Average value for f upon impact (—)

600
Carbonation temperature (°C)
0.14
0.12
0.1

0.08

0.06

Average value for f upon impact (—)

600 650 700
Carbonation temperature (°C)

FIGURE 11 Average value for f, the cumulative mass fraction of
fragments collected upon impact at different velocities, as a function
of the DIFB preprocessing carbonation temperature: absence of vapor
(up), presence of vapor (down). Bars represent minimum and
maximum values (for each case) of the range that generates the
average f value. DIFB, dual interconnected fluidized beds

underlined that, in a real system, sorbent particles would be subjected
to a field of impact velocities whose characteristics depend on the
actual hydrodynamics of the system. In this sense, the average value
of f can represent a first indicator of the particles tendency to undergo

impact fragmentation.

4 | CONCLUSIONS

When processed at carbonation temperature increasing from 600°C
to 700°C in a DIFB system under operating conditions simulating
those of SEG, sorbent samples of the investigated limestone were
characterized by higher performance of CO, uptake due to enhanced
kinetics and CO, diffusion within the solid particle. In absence of

water vapor, the calcium carbonation degree averaged over 10 cycles
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was 15.7%, 21.0%, and 23.4% at 600°C, 650°C, and 700°C, respec-
tively. This, in turn, led to particles with increased mechanical resis-
tance thus generally increasing the particles resistance to surface
wear phenomena (the average value of fines elutriation rate
decreased, with respect to the operation at 600°C, by about 16% at
700°C). Moreover, higher carbonation temperature can increase parti-
cle hardening phenomena so making samples more resistant to impact
fragmentation: the average value of the cumulative mass fraction of
impacted fragments decreased, with respect to the sample
preprocessed at 600°C (it is 5.43%), by about 5% and 33% when the
sorbent was preprocessed at 650°C and 700°C, respectively. In pres-
ence of water vapor on carbonation, the CO, capture performance
was even higher if a temperature of 600°C or 650°C was adopted
(average carbonation degree = 19.4% and 25.6%, respectively), due
to the carbonation-promoting effects (enhanced diffusion of CO,
inside the porous network of the sorbent particle, development of a
more favorable sorbent morphology and energy related to the CO,
capture process by CaO, formation of ionic species) in the presence of
steam, as reported in literature. On the other hand, at 700°C steam
can exert a relevant, undesired, sintering effect that partly limits the car-
bon dioxide uptake by sorbent particles (average carbonation
degree = 20.8%). The positive effect of preprocessing the samples at a
higher temperature on their impact fragmentation tendency was
observed also in presence of water vapor on carbonation: the average
value of the cumulative fraction of impacted fragments decreased, with
respect to the sample preprocessed at 600°C (it is 6.29%), by about 36%
when the sorbent was preprocessed at 700°C. Impact fragmentation
patterns of investigated samples followed a chipping/splitting paradigm
as the impact velocity increased in a range reproducing realistic values
that are likely to establish in fluidized bed systems.

In conclusion, taking for granted the presence of steam in the
gasifier-carbonator, an optimal carbonation temperature of 650°C is
suggested for this limestone in terms of both satisfying CO, uptake
and limited tendency to attrition/fragmentation. Results here pres-
ented can be useful for the determination of the make-up of fresh
sorbent required for steady operation, and for optimal design and
operation of SEG. To this end, further study on this research line
should concern the possible extension of operating conditions/
techniques and generalization of the results to other limestones (char-
acterized by different physicochemical features, such as porosimetric
texture), the morphological characterization of sorbent samples
treated under the different operating conditions, and the integration
of the present outcomes into process schemes entailing concurrent

solid fuel gasification/combustion and CaL in fluidized bed systems.
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NOTATION

CaL calcium looping

DIFB  dual interconnected fluidized beds
ET eductor tube

PSD particle size distribution

SEG sorption-enhanced gasification

d; mean particle diameter (mm)
E specific elutriation rate (1/min)
f cumulative fractional mass of sorbent fragments obtained in

impact tests (—)

k exponent of the power-law f(v) relationship (—)
Mo initial mass of sorbent (g)

Mel mass of elutriated fines over a stage (g)
MW  molecular weight

N number of carbonation stages (—)

T temperature (°C)

t time (min)

v particle impact velocity (m/s)

v* critical impact velocity (m/s)

w CO, mass flow rate (g/min)

X mass fraction in particle size distribution (—)
Xca Ca carbonation degree (—)

GREEK SYMBOLS

£ CO,-specific capture performance (—)

o standard deviation for values of E (1/min)

ORCID

Fabio Montagnaro "= https://orcid.org/0000-0002-6377-3989

ENDNOTE

* The critical impact velocity is evaluated by the intercept (in the mass
fraction of fragments vs. particle impact velocity log-log chart) between
the straight line at low velocity, typical of chipping, and that at higher
velocity typical of splitting mode (see Figure 10).
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