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ARTICLE INFO ABSTRACT
Keywords: Sorption-Enhanced Gasification (SEG) is a promising technology based on the use of Ca-based sorbents (like
Sorption-enhanced gasification limestone) to selectively remove CO3 from the gasification environment, for production of hydrogen rich syngas.

Limestone sorbents

s This process benefits from the extensive understanding of “calcium looping”, a post-combustion technique aimed
, capture

Attrition at removing CO; from flue gas. Calcium looping is most typically carried out in Dual Interconnected Fluidised

Fragmentation Bed (DIFB) reactors. The correct design of sorbent looping processes in DIFB reactors must consider: 1) sorbent

Fluidised beds deactivation (i.e., decay of CO capture performance) over repeated cycling; 2) the loss of sorbent material due to
elutriation, that may be enhanced by attrition and fragmentation. The aim of this study is to investigate six
different commercial limestones in terms of sorbent performance and attrition/fragmentation tendency under
simulated SEG conditions.

The experimental campaign was carried out in a lab-scale DIFB reactor, electrically heated. The six sorbents
were limestones coming from different parts of Europe. A synthetic gas including air, CO5 and N, was used to
simulate SEG conditions. A “test” consisted of ten complete cycles of calcination/carbonation. Calcination was
performed at 850 °C, fluidising the bed with a stream of 10 % CO, (balance air) to simulate oxidising conditions
typical of the combustor-calciner. In the carbonation stage, the temperature was kept at 650 °C and the CO2
concentration was set at 10 % (balance nitrogen) to account for reducing conditions typical of the gasifier-
carbonator.

During each carbonation stage, the CO5 concentration at the exhaust was continuously monitored to calculate
the CO; specific capture performance. The sorbent attrition rate was determined by working out the mass of fines
elutriated at the exhaust and collected in filters, for each calcination and carbonation stage. After a test, each
exhaust sorbent sample was sieve-analysed to obtain the particle size distribution and the fraction of generated
fragments. Moreover, the characterisation was extended by carrying out, in an ex situ apparatus, impact frag-
mentation tests on samples preprocessed in DIFB.

Results were critically analysed in the light of the adopted operating conditions, by also including: (a) a fitting
equation of conversion data, able to give indications on the sorbent resistance to sintering; (b) a carbonation
reaction model, that allowed the estimation of the decrease in the sorbent specific surface area as long as the
number of cycles increases.

1. General overview allows the production of syngas rich in Hy [1]. This process resembles,
though with specific differences, Calcium Looping (Cal), a post-

Sorption-Enhanced Gasification (SEG) can rely on the use of inex- combustion technique aimed at removing CO; from flue gas. Calcium
pensive Ca-based sorbent (like limestone) for CO removal from syngas looping is usually carried out in a Dual Interconnected Fluidised Beds
in situ during gasification of a solid fuel. CO3 capture pushes the equi- (DIFB) reactor arrangement, with the Ca-based sorbent being cycled
librium of the water—gas shift reaction towards the products, and this between the carbonator, where CO, capture from flue gas takes place,
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Fig. 2. “Twin Bed” DIFB reactor used in the experimental campaign.

Table 1
Main operating conditions for simulated SEG tests, and purity level in CaCO3 for
the six parent limestones.

Stage T, Duration, %vol. CO, Fluidisation
°C min (balance) velocity, m/s

Calcination 850 10 10 (air) 0.5

Carbonation 650 10 10 (No) 0.5

Sorbent feaco, [-]

MAS I I 0.974

SAR I I 0.985

TAR | 0.965

CZA mmm 0.944

SCH  pmmm 0.958

EBW - 1

and the calciner, where the sorbent discharges a stream of concentrated
CO4 (ready for further processing, and then use/storage) and it is
restored for another cycle [2-10].

The process scheme is exemplified in Fig. 1. Solid fuel is fed to the
gasifier-carbonator, along with the gasifying stream. Gasification occurs
at circa 600-700 °C, yielding a primary syngas. The reactor is also fed
with a stream of CaO: the capture of CO; from the primary syngas takes
place via CaO carbonation (CaO + CO3—CaCO03), giving: (i) a secondary

syngas rich in Hy (and depleted in COy); (ii) a solid stream (carbonated
sorbent comprising unconverted CaO + solid char gasified and with
residual carbon). This stream is sent to the combustor-calciner, operated
at 800-900 °C, where it is contacted with air and, in case of need, extra
fuel. In this reactor the sorbent is regenerated following calcination
(CaCO3—Ca0 + COy), to produce a CaO stream ready for a new cycle.
The operation of the calciner must consider that: (i) this reactor operates
at higher temperature than the carbonator, and limestone calcination is
endothermic; (ii) the stream of regenerated sorbent acts as heat carrier,
so to support the conditions in the gasifier-carbonator, as gasification
reactions are overall endothermic.

The correct design of sorbent looping processes in DIFB reactors must
reflect the following issues: (i) sorbent deactivation (i.e., decay of CO2
capture performance) during continuous cycling operations, due to
thermal and chemical sintering; (ii) loss of sorbent material due to
elutriation, boosted by attrition and fragmentation [11]. Occurrence of
(i) and (ii) obliges to a continuous make-up of raw (fresh) sorbent to
counterweigh losses of sorbent uptake performance: a “chemical” loss
due to sintering, and a “physical” loss due to elutriation.

In literature, detailed information on gasifier performance, reactor
design and process analysis when a Ca-based sorbent is used for SEG of a
solid fuel is reported, both in fluidised bed [12-18] and other types of
reactors [19-22]. Further review papers on the subject can be found at
Refs. [23-25]. On the other hand, the emphasis on the role that the
operational conditions for a SEG process based on CaL have on the CO5



A. Coppola et al.

SORBENT INLET

:

AIR
6 OUTLET

44
9 ]

8 10

|

T AIR INLET 7

Fig. 3. Ex situ impact fragmentation 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 meter-
ing valve).

capture ability of the sorbent, and its attrition propensity, still merits
attention.

In this framework, following a previous manuscript which focused
on one reference limestone and on the role of steam in the system [26],
our present contribution is to analyse the CO, uptake performance and
attrition/fragmentation tendency (when operating conditions simu-
lating those of a DIFB-SEG process are adopted) for six commercial
limestones in a lab-scale DIFB reactor, by voluntarily excluding the ef-
fect of the solid fuel. Additionally, the tendency to undergo impact
fragmentation (able to influence, through changes in particle size, their
reactivity and elutriation tendency) for sorbent particles under DIFB-
SEG conditions is a subject hardly tackled. Therefore, another element
of novelty was represented by carrying out experiments in an ex situ
impact test rig, by characterising the behaviour of DIFB-SEG pre-
processed samples.
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Fig. 4. Degree of Ca conversion (Eq. (1)) as a function of N, the number of
carbonation stages, for DIFB-SEG tests (six different limestones).

2. Experimental section
2.1. Tests in dual interconnected fluidised bed system

A purposely designed DIFB system (lab-scale), named Twin Bed (TB),
served for SEG tests. The TB installation (Fig. 2) is made by two identical
fluidised beds, operated in bubbling regime, electrically heated (inner
diameter = 40 mm), acting as calciner and carbonator, respectively. The
two reactors are connected each other by a duct (inner diameter = 10
mm) partly dipped into the dense zone of the beds, which allows the
pneumatic transport of the solid bed from one reactor to the other. The
two reactors are autonomously operated batchwise with respect to the
solid particles. Valves permit to regulate the transfer of solid streams
between the two reactors. At the outlet of each reactor, gas is transferred
to sintered steel filters (capture efficiency > 99 % for > 10 um particles)
for collection of elutriated fines. The reader is referred to the works by
Coppola et al. [27,28] for more details on the DIFB apparatus.

The sorbents used in the investigation were 6 different natural
limestones coming from different parts of Europe, all of them with an
elevated content of CaCOs (94-100 %wt.): two from Italy, named
Massicci (MAS; Tuscany region) and Sardo (SAR; Sardinia region),
respectively; two from Poland, named Tarnéw Opolski (TAR; Lesser
Poland region) and Czatkowice (CZA; Lower Silesian region), respec-
tively; and two from Germany (Baden-Wiirttemberg region), i.e.,
Schwabian Alb (SCH) and EnBW (EBW), respectively.

Table 1 lists the main operating conditions for DIFB-SEG tests. Cyl-
inders of CO5 and N3, with a flow meter/controller, were used to make
surrogate flue gases aiming at reproducing SEG conditions. The test, on
each single sorbent, comprised ten complete cycles of calcination/
carbonation, plus an eleventh calcination stage (resulting in 21 total
stages). The initial mass of limestone sorbent was my = 10 g, sieved in
the size range 400-600 pm. Silica sand (size 850-1000 pm) was put in
both reactors as fluidisation/thermal ballast material. At the beginning
of each test, the sorbent was fed to the calciner: the calcination stage was
executed at T = 850 °C fluidising the bed with a stream of 10 % (by
volume) CO, (balance air), to simulate oxidising conditions of the
combustor-calciner (Fig. 1). For the carbonation stage, the temperature
was kept at 650 °C and the CO, concentration was set at 10 % by vol-
ume, balanced by nitrogen, to simulate reducing conditions typical of
the gasifier-carbonator (Fig. 1). Each stage lasted for 10 min. Both beds
were fluidised at a superficial velocity of 0.5 m/s, at process conditions,
i.e., twice the sand minimum fluidisation velocity.

The CO; concentration in the gas stream exiting from the carbonator
was continuously examined by a NDIR analyser. This allowed to express
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Fig. 5. Fitting of X¢(N) data according to the IAD Eq. (5) proposed in this work (six different limestones).
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Table 2
Values for the decay constant (IAD model) for the six cases under investigation.
Sorbent o =
s I I 0.497 0.9775
. 1 0.510 0:9587
TAR | Eena] o552 oo
T 0.552 oolie
SCH ] 0.551 0.9934
. 0.447 0.9142

the carbonation degree of Ca (the moles of Ca cumulatively reacted to
CaCOg3 in a carbonation stage, divided by the moles of Ca initially
charged in the DIFB system) as:

t in ou
B i [Wcoz - Weg, (1)|dt MW cqco,

Xca
“ mafcacos MW co,

@

where W%, indicates the mass flow rate of CO; at the carbonator inlet,
WEg, (t) is the mass flow rate of CO; at its outlet, t is the carbonation
time, MW is the molecular weight and fcqco, is the mass fraction of
CaCOs in the parent limestone (i.e., its purity in CaCOs3), whose values
have been listed in Table 1.
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Fig. 6. Cumulative size distribution for in-bed sorbent particles retrieved at the
end of simulated DIFB-SEG tests (six different limestones).

Table 3

Values for the cumulative mass fraction of fragments for in-bed sorbent particles
retrieved at the end of simulated DIFB-SEG tests (Eq. (3)), and for the specific
elutriation rate averaged over the 21 stages of simulated DIFB-SEG tests, Eq. (2)
(six different limestones).

MAS SAR TAR CZA SCH EBW
fin-bed] 0.134 0.143 0.296 0.253 0.482 0.260
Eqy [mg/(g min)] 0.0142 0.0144 0.0173 0.0120 0.0133  0.0119

The sorbent attrition rate for each stage (calcination or carbonation)
was calculated by weighting the mass of fines elutriated and gathered in
the filters. The specific elutriation rate E is expressed as the mass of
sorbent fines cumulatively collected over a stage, m,, divided by the
initial sorbent mass and by the duration of the stage, At (10 min):

_ My
myAt

(2)

The Particle Size Distribution (PSD) of the sorbent was characterised
by sieving the bed material at the end of the test (21 stages). Sieving was
performed in 9 particle size ranges, with mean diameter d; equal to,
respectively, 56, 146, 196, 231, 275, 327.5, 377.5 and 500 pm. We
defined x(d;) the mass fraction of particles falling in a size interval with

0.025 a) CARBONATION

- I I I I l
0
MAS SAR TAR CZA SCH EBW

e

s g
- <3
wn N

Average elutriation rate [mg/(g min)]
=
=
=

Average elutriation rate [mg/(g min)]
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mean diameter d;, and we considered as “fragments” the particles finer
than the lower limit of the parent particle size range (400-600 pm).
Therefore, the cumulative mass fraction of in-bed fragments reads:

= S [(d)] 3)

d;<400pm

After the DIFB-SEG test, sorbent particles were subjected to ex situ
impact fragmentation experiments, as described in the following.

2.2. Impact fragmentation tests

When sorbent particles are treated in full-scale fluidised beds, they
undergo fragmentation by impact damage, following high-velocity col-
lisions between particles and targets (bed internals or other bed solids)
[26,29,30]. Depending on the extent and pattern of impact fragmenta-
tion, coarse (non elutriable) and fine (elutriable) fragments can be ob-
tained. Scale and fluid-dynamics of our lab-scale DIFB reactor do not
encourage impact fragmentation conditions; therefore, the phenomenon
was scrutinised in an ex situ apparatus, operated at room temperature
and depicted in Fig. 3. It relies on the concept of entraining particles in a
gas stream at controlled velocity and impacting them against a solid
target. The system is based on a vertical stainless steel eductor tube, 1 m
high, inner diameter = 10 mm, equipped with a stainless steel particle
feed hopper. A measured air flow enters the top section of the eductor.
The sorbent particles in the hopper are transported through the tube,
and they are accelerated by the air flow. At the eductor tube exit,

Table 4

Values for sorbent specific surface area (Eq. (8)) expressed in m?/g as a function
of the carbonation stage (six different limestones). The last row reports the loss
in specific surface area after ten carbonation stages vs the value calculated after
the first carbonation stage.

I0 11 O b . -
N MAS SAR TAR CZA SCH EBW
1 2.105 2.526 3.228 3.508 2.807 3.368
2 1.263 1.123 2.807 1.684 1.965 1.544
3 0.982 1.123 2.807 1.123 1.263 1.263
4 0.982 0.982 2.526 1.965 0.982 2.526
5 0.702 0.982 2.386 1.544 0.982 0.842
6 0.702 0.842 1.965 1.965 1.123 1.123
7 0.702 0.842 1.403 0.702 0.982 0.982
8 0.702 0.702 2.526 0.702 0.842 0.842
9 0.561 0.702 0.842 0.702 0.842 0.702
10 0.561 0.702 0.982 0.421 0.561 0.561
Loss, % 73.35 72.21 69.58 88.00 80.01 83.34

0.025
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=
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Fig. 7. Average value for the specific elutriation rate, expressed as mg of elutriated fines per minute and per g of initial sorbent, over a) the 10 carbonation and b) 11

calcination stages, for the six sorbents under scrutiny.
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particles impact on the target placed in a 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
eductor and the particle terminal velocity [29]. After the impact, the
debris is collected for PSD analysis. Full description of the system can be
found in our previous paper [26].

At the end of a complete DIFB-SEG test a mass of 1 g of each of the six
sorbents was subjected to impact fragmentation tests, after re-sieving in
the reference 0.4-0.6 mm size interval. Values of v were: 17, 24, 31, 38
and 45 m/s, chosen to represent typical conditions in FB reactors. PSD of
the impacted particles was calculated as previously described for in-bed
sorbent fragments. Similarly to Eq. (3), it was defined fip""", the cu-
mulative mass fraction of impacted fragments. For each of the six sor-
bents, fi?* can be reported as a function of v. Plotting fi? (v) on a
log-log chart allows to underline the establishment of power-law re-

lationships, on the type of EEPQCtocV". Moreover, PSD data have been
converted into Probability Density Functions (PDF) of impacted
particles:

PDF(d;) =

€]

i.e., the ratio, for a given size interval having width w(d;), between x(d;)
obtained from PSD and the width itself.

Fuel 340 (2023) 127594

3. Results and discussion
3.1. Degree of Ca conversion for sorbents in simulated DIFB-SEG tests

Fig. 4 reports the values for X¢, vs the number N of carbonation
stages for the simulated DIFB-SEG tests carried out with the six different
sorbents. The effect of thermal sintering is evident from the decline of
Xcq upon iterated calcination/carbonation cycles. The decay is more
pronounced after the first cycles, to slow down thereafter. For N =1, X¢,
ranges from 84.1 % (for the sorbent with highest initial reactivity, i.e.,
CZA) to 47.2 % (for the sorbent with lowest initial reactivity, i.e., MAS).
For N = 10, X4 ranges in a narrower interval, i.e., from 23.0 % (for the
sorbent with highest long-term reactivity, i.e., TAR) to 14.6-14.7 % (for
the sorbents with lowest long-term reactivity, i.e., MAS and SCH).
Averaging (suffix “av”) the values for X, over the 10 carbonation stages,
we found:

o Sorbents CZA (X¢q,qv = 36.3 %), EBW (X¢q,qv = 35.5 %) and SAR (X¢,,
o = 34.3 %) with fairly good capture capacity, i.e., a mean
carbonation degree around 1/3;

o Sorbents TAR (X¢q,qv = 28.6 %), SCH (X¢q,qv = 27.4 %) and MAS (X¢,,
a = 24.0 %) with lower capture capacity.

Post-processing of X¢q(N) data has been carried out by postulating
here the following IAD “Initial Activity Decay” equation:

Xco(N) =N R )

where k; is the initial activity constant, that measures the capacity of the
sorbent when N = 1 (X¢q(N = 1) = ky), and k; is the decay constant that
takes into account the resistance of the sorbent to sintering phenomena
which cause decrease its performance (the higher kj, the worst the
sintering resistance). While Fig. 5 shows data fitting with the IAD Eq.
(5), Table 2 lists the best-fitting values for k, (along with the values for
the coefficient of determination). TAR and EBW sorbents showed the
best resistance to deactivation with increasing number of cycles, while
SCH and CZA the worst one.

3.2. In-bed sorbents attrition/fragmentation

Fig. 6 illustrates the cumulative PSD for each sorbent sample at the
end of the simulated DIFB-SEG tests. The values for the cumulative mass
fraction of in-bed fragments, Eq. (3), are correspondingly listed in
Table 3:

o Sorbent SCH (fii % = 48.2 %) is the one more prone to undergo in-
bed particle fragmentation;

o TAR, EBW and CZA have intermediate behaviour in this respect, with
fin-bed ranging from 25.3 % and 29.6 %;

o SAR and MAS are the sorbents showing a more limited production of
fragments, whose cumulative mass fraction results, after 21 stages, in
the range 13-14 %.

The specific elutriation rate, Eq. (2), was determined from the
amount of sorbent collected at the exhaust during calcination and
carbonation stages. In Fig. 7a and 7b, we report the average value for E
over the 10 carbonation stages and the 11 calcination stages, respec-
tively, for the six sorbents under scrutiny. In Table 3, the average value
for E (over the 21 stages of each test), for the six investigated sorbents, is
listed. It lies in the range 0.0119-0.0173 mg/(g min), corresponding to
an average fractional loss of sorbent, per stage, in the range
0.0119-0.0173 % with respect to the initial mass of sorbent (each stage
lasted 10 min). It is observed that, during calcination (average values for
E in the range 0.0125-0.0229 mg/(g min)), the production of fines is
more pronounced, an aspect likely related to the higher thermal stresses
induced on the sorbent particles by the higher operating temperature vs
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Fig. 10. Probability density functions, Eq. (4), of particle size for debris collected after impact fragmentation tests for the six materials after pre-processing in the

DIFB system. Impact velocity is reported in legend.

carbonation (average values for E in the range 0.0056-0.0138 mg/(g
min)). In addition, it has to be recalled that carbonation of CaO increases
the mechanical strength of the particle (as CaCOs is harder than CaO),
thus contributing to improve the resistance to surface abrasion upon
carbonation stages.

3.3. Carbonation reaction model and evaluation of sorbent specific
surface area

According to the work by Grace and colleagues [31], for carbonation
kinetics having zero order, the reaction rate at time zero:

1dXc,
= 3 dr o (6)
can be expressed as:
. (56kSo\  E.
In(ry) = ln< 3 ) RT 7)

where E, is the carbonation reaction activation energy (29 kJ/mol), ko is
the pre-exponential factor of the carbonation kinetic constant (1.67 x
103 mol/(m? s)) and Sp the initial sorbent specific surface area,
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expressed in [m?/g]. By working out the time-series values of the exit
CO, concentration during each of the 10 carbonation stages, one obtains
the X¢,(t) profiles and, thus, the values for ry referring to each carbon-
ation stage. Then, by manipulation of Eq. (7):

$1= e enp () + ®
one gets how Sy varies along with the carbonation cycles, for each sor-
bent. Values are listed in Table 4. While Sy, for N = 1, ranges from 2.1
m?/g (MAS) to 3.5 m?/g (CZA), it steadily decreases down to the range
0.42-0.98 m%/g when N = 10, to confirm the effect that thermal sin-
tering (determining a loss in So(N = 10) vs Sp(N = 1) from 70 % to 88 %
depending on the sorbent) has in reducing the sorbent surface area
available for CO; capture.

3.4. Impact fragmentation tendency

Fig. 8 reports log-log f**(y) plots for the five values of impact
velocity scrutinised, for each of the six sorbents pre-processed in the
DIFB system under simulated SEG conditions. As a general trend, obvi-
ously, the fraction of fragments generated by impact increases as the
impact velocity increases. As already discussed in our previous works
[29,30], for low impact velocity (i.e., low impact energy) the trans-
mission of fractures upon impact is mainly restricted at the particles
surface, so predominantly generating fine chips (that can be perceived as
fragments of size much finer than the parent particle size). We call
“chipping” this impact fragmentation pattern. When the energy associ-
ated to impact rises, the fractures can propagate throughout the particle,
ending up into the “splitting” of the parent particles into fragments of
comparable size. Splitting determines a more significant mass produc-
tion of fragments. This chipping/splitting pattern can be applied to semi
brittle materials, as the case for a sorbent sample pre-processed (and,
partly sintered) for many cycles during DIFB-SEG operation. The tran-
sition from chipping to splitting can be observed by a change in slope in
mpact () curves when a critical impact velocity v* is reached. Fig. 9
schematically depicts this scenario.

At the lowest impact velocity investigated, v = 17 m/s, fj#°“ is in the

range 4.2 % (MAS)-10.1 % (SCH). At the highest value of v (45 m/s),

;’Epm falls between 14.6 % (EBW) and 20.6 % (TAR). Apart from some
scatter of data, for all the sorbents but TAR the critical velocity where we
observed a change in slope (transition from chipping to splitting) is
v*=24 m/s. Further insights can be gained by the inspection of PDF
curves in Fig. 10. For all sorbents, when the impact velocity increases
from 17 m/s up to 45 m/s, the PDF curves progressively increase their
value corresponding to finer particles, in line with the more extended
generation of fragments when the energy associated with the impact
event is higher.

4. Concluding remarks

The characterisation of the six sorbents presented in this research
article shows that, despite the similar chemical composition, they
behave differently in terms of CO5 capture performance, resistance to
sintering and production of both fragments and elutriable fines, under
operating conditions resembling DIFB-SEG. Furthermore, a specifically
devoted ex situ investigation showed that the materials, pre-processed in
DIFB, underwent impact fragmentation following a chipping/splitting
pattern as a function of the increase in the impact velocity. Results
presented here can be useful for the determination of the make-up of
fresh sorbent required for steady operation and for optimal design and
operation of sorption-enhanced gasification, as they give indication on
COg, capture performance and loss of material by attrition/fragmenta-
tion. On the basis of the present results, such loss is predicted to be
relatively limited under DIFB-SEG conditions, so that the sorbent make-
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up rate would be most likely determined by the need to compensate the
decline of CO; capture capacity due to sintering.
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