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The performance of limestone-derived CaO during many (>1000 in some cases) cal-
cination and carbonation cycles is reported. After 150 cycles, the calcium utilization
during carbonation reached a minimum value between 4 and 17%, with the asymptotic
level depending strongly on the carbonation time. With the aid of mechanistic studies
including investigations on sorbent surface topology by SEM and mercury intrusion, a
mechanism for pore evolution during the cyclic capture is proposed consistent with the
experimental observations. © 2008 American Institute of Chemical Engineers AIChE J, 54:

1668-1677, 2008
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Introduction

The utilization of calcium-based sorbents in looping cycles
for the removal of CO, is a topic of worldwide attention
due to the role of CO, in causing climate changes as a
greenhouse gas. Different applications have been proposed,
including CO, removal from steam reformers, gasifiers, and
water-gas shift reactors where the carbonation reaction can
improve hydrogen yields (Han and Harrison, 1994; Johnsen
et al., 2006; Lin et al., 2001, 2002a; Ortiz and Harrison,
2001)," while also providing heat and facilitating CO,
sequestration. Calcination/carbonation cycles are also of in-
terest for fluidized bed combustors (Abanades et al., 2003,
2004a; Shimizu et al., 1999; Sun et al., 2007a—).>"!

The decline in sorbent capability during multiple sorption/
regeneration cycles, leading to a loss of reversibility, is a key
issue in all such processes. The ultimate utilization deter-
mines the sorbent make-up rate required in any commercial
plant, heavily influencing the cost of operation (Abanades
et al., 2004b).'? Limestones are superior to dolomites in
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price, abundance, and mechanical strength, but dolomites
have generally been found to show less loss of reactivity
than limestones (Silaban et al., 1996; Sun et al., 2007a)>"
over the limited number of cycles (typically 15-20) tested.
Various natural limestones have usually been found to follow
similar decay trends when exposed to cyclic capture condi-
tions (Abanades 2002; Sun et al., 2007a).>'*

Sintering of CaO during calcination, indicated by the
change of sorbent surface texture after multiple cycles, is
believed to be the major cause of deactivation (Abanades
and Alvarez, 2003; Borgwardt, 1989a,b; Sun, 2007; Sun
et al., 200721—d).9_“’15_19 The surface texture of cycled lime-
stones commonly features shrinkage of smaller pores, usually
accompanied by growing macropores (Abanades and
Alvarez, 2003; Sun et al., 2007a—d).9_“’15’19 These trends are
typical of solid-state sintering in an intermediate stage, as
described by sintering theory (German, 1996)*° in which
vacancies (or voids) generated by temperature-and-ion-sensi-
tive lattice defects direct void volume from smaller to larger
pores, whereas mass moves in the opposite direction. Ionic
compounds such as CaO mostly sinter due to a volume diffu-
sion or a lattice diffusion mechanism (German, 1996).2° A
lattice diffusion control mechanism for CaO sintering has been
confirmed experimentally by Borgwardt (1989a).'® Both CO,
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and steam have been reported to enhance CaO sintering (Beruto
et al. 1984; Borgwardt, 1989b; Ewing et al. 1979).'72"*?

Sun et al. (2007d)"? recently developed a simultaneous cal-
cination and sintering mechanistic model describing pore
evolution during cyclic calcination and carbonation. The
model was compared with experimental results typically
involving 15-16 calcination/carbonation cycles. Pores of di-
ameter <220 nm (labeled Type 1) shrank, whereas pores
>220 nm (Type 2) grew. Shrinkage of Type 1 pores is an
essential feature of solid-state sintering (German, 1996),%°
whereas the growth of Type 2 pores may not occur in all
cases, e.g. when the particle size is smaller than the diameter
of Type 2 pores. Growth of Type 2 pores is much less im-
portant than loss of Type 1 pores because the latter contain
much more surface area per pore volume.

In the model of Sun et al. (2007d)," only Type 1 pores
participate in carbonation. After a certain number of calcina-
tion/carbonation cycles, the calcine contains pores of both
Types 1 and 2 as a result of sintering during cycling between
calcination and carbonation. This contrasts with the ideal sin-
tering-free calcination, or “green stage” (German, 1996),20
which, during calcination, produces pores of the largest sur-
face area attainable. Upon completion of the next carbona-
tion, only Type 1 pores are filled because Type 2 pores are
relatively unreactive during the fast stage of carbonation.
Upon further calcination, some Type 1 pores shift to Type 2,
resulting in loss of Type 1 pores and possible growth of
Type 2 pores. The loss of Type 1 pores leads to reduction in
CO, capture ability during cycling, but with much slower
decay rates after many cycles because of the decreasing sur-
face area for sintering kinetics. Experimental studies are
needed for extended calcination and carbonation cycling,
because, from a practical application point of view, thou-
sands of cycles are likely to be needed (Abanades et al.,
2004b).'> The objective of this work was to determine
whether the CaO conversion will approach zero after many
calcination/carbonation cycles, or instead approach a non-
zero asymptotic value. In addition, we investigate which fac-
tors influence the asymptotic capture level and the mecha-
nism governing the observed capture performance. These
matters are of critical importance for the design of calcina-
tion/carbonation processes.

In applications of CaO in sorption-enhanced steam meth-
ane reforming (SMR), solid-state reactions between CaO and
common Ni-based SMR support Al,O; are possible under
typical reforming conditions. High-temperature solid-state
reactions between Al,O; and CaO have been found when
modifying natural-limestone-derived calcines (Sun, 2007)'®
and during dry reforming (Agnelli et al., 1987; Goula et al.,
1996a,b).>72> Products of Al,O;—CaO reactions include
CaAl,0,, CaAl,O4, and Caj;Al14033, with the latter being
the major one in most cases. Although Ortiz and Harrsion
(2001)° did not find appreciable interactions between dolo-
mite-derived CaO and y-Al,O; as SMR catalyst support in
multiple-cycle fixed-bed reforming tests, experiments are
also needed to investigate whether there are interactions
between CaO and y-Al,Oj; in extended cycling and the possi-
ble effect on reversibility.

Because this work focuses on experimental investigation
of cyclic capture, some relevant results from previous studies
are first summarized:
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(a) It would appear that alternative limestone-derived
sorbents show similar cyclic behavior, especially when the
number of cycles is extended (Abanades, 2002; Sun et al.,
2007a).>"*

(b) The reversibility of limestone-derived sorbents is
insensitive to some operating parameters such as carbonation
temperature, carbonation pressure and calcination holding
time, providing that complete calcination is achieved during
each cycle (Grasa and Abanades, 2006; Sun et al., 200751).9’26

(c) Grasa and Abanades (2006)*° and Lysikov et al.
(2007)* found that calcium-based sorbents show asymptotic
CaO utilizations of ~7.5-15% for both natural limestones
and synthetic sorbents.

Experimental Details

Strassburg limestone was selected as a representative sor-
bent for this calcination/carbonation cycling study, as it has
already been tested intensively for CO, capture (Sun, 2007,
Sun et al., 2007a—d),97“’18’19 as well as in SO, capture stud-
ies (Laursen et al., 2000, 2001).28’29 This limestone contains
96% CaCO;5; by weight. Its chemical composition is given
elsewhere (Sun et al., 2007d).19 For all tests in this study,
the limestone particles were pre-screened to 212-250 um.

An atmospheric fixed-bed thermogravimetric reactor,
detailed elsewhere (Laursen et al., 2000, 2001),28'29 was used
in this work. An inert sample holder made of Pd alloy con-
tained the samples. Mass flow controllers were utilized to
achieve the desired inlet gas concentrations. The temperature
was maintained at 850 = 3°C for both carbonation and calci-
nation, except where specified otherwise. Because of the
insensitivity of sorbent reversibility to carbonation tempera-
ture (Grasa and Abanades, 2006; Lysikov et al., 2007; Sun
et al., 2007a),”2%27 conclusions from these tests should also
apply to other test conditions. Carbonation and calcination
were mostly carried out in ~1100 ml/min flows of 100%
CO, and 100% N,, respectively. Fresh 500 = 2 mg fresh
limestone samples were loaded into the basket at the start of
each run, except where specified otherwise. A 1:1 mass ratio
mixture of commercial SMR catalyst (Ni over Al,O3 sup-
port) and Strassburg limestone was also cycled between car-
bonation and calcination to simulate a sorbent-enhanced
SMR system containing intermingled catalyst and sorbent.

With the sample size and gas flow rate in this study, the
reactor may not achieve differential reactor conditions. How-
ever, because we focus on cyclic calcium utilization behavior
that has been found to be insensitive to reactor type and sam-
ple loading (Sun et al., 2007d),19 the conclusions reached in
this work should be transferable to other cases, except that
the reaction times and rates may be influenced by the nature
of the reactor.

Switching between CO, and N, was automatically
controlled using program-controlled solenoid valves, with
pre-determined time intervals for both calcination and carbo-
nation. The actual carbonation time was slightly less than the
nominal carbonation time due to piping-related delays in the
gas introduction system. In tests where completion of the fast
stage of carbonation was desired, completion of calcination
at the start of the cycling usually required longer than the
selected calcination time (e.g., 9 min). Therefore, the carbo-
nation and calcination times were usually extended in these
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Table 1. Summary of Run Details

Calcination @ 100% N, 850°C (Except
Run #| Carbonation @ 100% CO,, 850°C where Specified Otherwise) Details, Comments
1 9 min each (except first two cycles*) 8 min each 1040 cycles, baseline run
2 3.5 min each 4.5 min each 1020 cycles
3 First 67 cycles as in run 1,* followed by First 67 cycles as in run L* followed by Combine runs 1 and 2
steps as in run 2 same steps as in run 2
4 First 112 cycles as in run L* followed by First 112 cycles as in run 1,* followed by Combine runs 1 and 2
steps as in run 2 same steps as in run 2
5 9 min each* First 67 cycles as in run L* followed by Combined run 1 and a run of reduced
steps of 4.5 min each calcination time
6 15 min each 15 min for first 98 cycles, followed 12 min Longer carbonation time than run 1;
of calcination 303 cycles
7
TA 3.5 min each 4.5 min each 557 cycles
7B Started from residues of run 7A. First two First two cycles same as for run 2, later For mechanism study; long carbonation
cycles same as run 2, followed by cycles of 8 min for each calcination as a reactivation step; started from run
~24 h of carbonation, then cycled with 7A product
9 min for each sorption
7C Repeat run 7A and long carbonation of run No calcination Started from run 4 product, followed by
7B long carbonation
7D No carbonation Complete calcination of run 7C sample Full calcination of run 7C sample
8
8A No carbonation Calcined in 50% CO, and 50% N, at Sintering of initially calcined sample
900°C, then held for 24 h
8B Started from calcine from run 8A 9 min 8 min each Same as run 1 starting with samples
each prepared in run 8A, 263 cycles
9 Started from reduced SMR catalyst and 8 min each 221 cycles
fresh limestone (273 mg in total,
catalyst/limestone 1:1 by wt) 9 min each

*The first two cycles used longer carbonation time because they needed more than 9 min to complete the fast stage of carbonation.

tests during the first two cycles to complete the fast stage of
carbonation.

At the end of each test, solid samples were immediately
collected and saved in a desiccator. Selected samples were
sent for SEM studies by a HITACHI S-3000 instrument.
Before high-resolution SEM measurements, all samples
were first gold-coated. A Micromeritics AutoPore IV 9500
Poresizer determined the pore size distributions of selected
samples.

Results and Discussion

Table 1 summarizes the run details. Runs 1 to 6 were
designed to test the effect of both calcination time and carbo-
nation time. Run 7 included four steps, with the last two
repeating the first two for sampling purposes. This run was
intended to reveal the effect of long carbonation as a reacti-
vation step and to provide insight into the mechanism of
decay during cycling. Run 8 involved two steps. The first
(8A) is to reduce the volume of Type 1 pores by non-cyclic
sintering (calcination at 900°C in 50% CO, and 50% N, for
24 h) on a fresh calcine, and to produce a sample with
diminished capture ability, while avoiding calcination/carbo-
nation cycling. In the second step (8B), the sintered sample
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was tested under the same conditions as for run 1 to deter-
mine whether non-cyclic sintering is equivalent to prolonged
cycling in terms of decay of sorbent capture. Note that the
starting sample size for run 8A was larger (~800 mg) than
normal (~500 mg). Careful sampling was performed for ana-
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Figure 1. Cyclic performance of Strassburg-limestone-
derived sorbent over 1000 calcination and
carbonation cycles: with Eq. 1 fitted lines.

Every 50th point plotted except at the beginning (calcina-
tion times: 8 min run 1 and 4.5 min run 2).

June 2008 Vol. 54, No. 6 AIChE Journal



ye
Fun 2, 2nd excle

Fun

0th cycle
Foum 2, 1000th eyele
Fun &, 300t eycle
Fum 8, 260th cyele

HoseeEc0

Time [mmn)

Figure 2. Mass breakthrough histories for selected
cycles of runs 1, 2, and 6.
For test conditions see Table 1.

lytical purposes after run 8A to ensure that the sample size
left for run 8B was the same as for the runs that started with
500 mg limestone.

The 1000-cycle results for runs 1 and 2 are shown in Fig-
ure 1. An important finding is that there was a non-zero as-
ymptotic CaO utilization for both cases, as reported by Grasa
and Abanades (2006),%° although the asymptotic levels differ
significantly (~10% and ~3.5% for runs 1 and 2 in this work
and ~7.5% in the work of Grasa and Abanades (2006)).>°
Lysikov et al. (2007)*’ recently drew a similar conclusion that
stable CaO reversibility could be achieved during prolonged
cycling, mostly based on one or two hundred cycles for syn-
thetic sorbents, as well as a commercial limestone. The exis-
tence of a non-zero asymptotic capture level is good news in
that it may make it possible to minimize the addition of fresh
make-up sorbent during prolonged operation. It also requires
that our previously derived mechanistic model describing
cyclic capture be modified. Another important implication of
these findings is that the operating conditions appear to affect
the asymptotic utilization level, as revealed by the different
ultimate capture ability for runs 1 and 2.

Several empirical equations have been employed in earlier
work to describe cyclic behavior of calcium-based sorbents.
Abanades and Alvarez (2003)" proposed X(n) = a"(1 — b)+
b, with a = 0.77 and b = 0.17 based on fitting ~20 cycles
of experimental data. Wang and Anthony (2005)*° suggested
X(n) = (14an)”" with @ = 0.24, again based on ~20 ex-
perimental cycles. Sun et al. (2007a)’ fitted their data by
means of X(n) = a(n+ 1)_h with @ = 1.07, b = 0.49, based
on a simultaneous sintering and calcination model. Grasa
and Abanades (2006)*° proposed X(n) = (1 —a)/[1 + bn(1—
a)] +a with a = 0.075 and b = 0.52 based on their 500-
cycle study. However, none of these four forms of equation
provided satisfactory fitting for the experimental results
obtained in the present work. Instead, all sets of data could
be well fitted by an equation with three adjustable parameters
of the form

X(n)=a X exp[-b X (n—1)]+c¢ (1)

where X(n) is the CaO conversion after the nth carbonation
and n is the number of cycles. Coefficient ¢ represents the as-
ymptotic (ultimate) value in each case, and hence is of special
interest; (a + c¢) is the initial utilization during the first cycle,
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whereas b governs the rate of decay. Least-square values of
the fitted constants a, b, and ¢ were 0.529, 0.104, and 0.103
for run 1, and 0.152, 0.018 and 0.038, respectively, for run 2.

To gain more insight into the effect of sorption time,
details for selected cycles of runs 1 and 2 are plotted in Fig-
ure 2. Note that in run 1 at least, there is no discernible dif-
ference in behavior after the 250th cycle. The corresponding
carbonation time was long enough to reach the slow (or pla-
teau) stage of carbonation exemplified by the 251st and
1000th cycles. In run 2, the sorbent performed in a very sim-
ilar manner to its counterpart in run 1. The actual carbona-
tion cycle time was slightly less than the pre-set 3.5 min due
to piping-related delays in the gas introduction system.
Because the rate of carbonation, represented by the slope for
each carbonation stage, should reflect the specific surface
area contained by Type 1 pores, runs 1 and 2, when they
approach asymptotic calcium utilization, seemingly have sim-
ilar contents of Type 1 pores, except that there are slightly
fewer for run 2 than for run 1.

Because a shorter residence time would be desirable for re-
actor design, runs 3 and 4, whose results appear in Figure 3,
were designed to provide more insight into the effect of carbo-
nation time. Both runs show that once the calcination and car-
bonation times switched from those of run 1 to the run 2 val-
ues, CaO utilization quickly decreased to approach the asymp-
totic performance of run 2. These runs indicate that the shorter
carbonation time is probably the major factor underlying the
poorer performance of run 2. These tests also confirm good
reproducibility when run 2 conditions were employed.

Run 5 started exactly the same as run 1, but the calcination
time was reduced to 4.5 min after 67 cycles. As seen in Figure
4, the reduction in calcination time did not appreciably change
the sorbent reversibility. Note, however, that although calcina-
tion time had a negligible influence on the asymptotic perform-
ance when it was long enough to achieve complete calcination
at each step, a previous study (Sun et al., 2007d)" showed that
the calcination step is very important in terms of sintering and
pore evolution because of CO, outwards diffusion.

The effect of a longer carbonation time can be seen by
comparing Figures 2 and 4. Run 6 showed improved CaO
utilization, leveling off at ~14% after ~100 cycles. The cal-
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Figure 3. Cyclic performance of Strassburg-limestone-
derived calcine over many calcination and
carbonation cycles showing asymptotic CO,
capture levels.

Lines are fitted from Eq. 1; runs 3 and 4 are compared with
run 2. Test conditions appear in Table 1.
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Figure 4. Cyclic performance of Strassburg-limestone-
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carbonation cycles showing asymptotic CO,
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with run 1.

Test conditions appear in Table 1. The line is the Eq. 1 fit
for run 6.

cination time was reduced to 12 min after 98 cycles to save
time, with no visible effect, consistent with the previous find-
ing that the calcination time has no effect on cyclic perform-
ance when it was sufficient for complete calcination. The
mass changes in Figure 2 show accelerated carbonation in
run 6, indicating a higher specific surface area of Type 1
pores in run 6 calcines. The change of carbonation time must
have led to a profound change in pore size distribution, alter-
ing the ultimate capture ability. As shown in Figure 4, the
results of run 6 can again be well fitted by Eq. 1, in this case
with a = 0.554, b = 0.158, and ¢ = 0.166.

Run 7 tested a series of steps. The first (7A) began with
repeating the calcination and carbonation cycling of run 2 for
557 cycles. The CaO utilization was, as expected, very simi-
lar to run 2. After being stored in a desiccator for a few
days, this much-cycled sorbent was subjected to two further
cycles at the test conditions of run 2 and then carbonated for
24 h in pure CO, at 850°C. Complete calcination was next
performed in N,, and the test conditions of run 1 were then
applied, i.e., 9 min carbonation followed by 8 min calcina-
tion for each cycle, for 14 cycles (referred as to run 7B).
The results are compared with run 1 in Figure 5. The previ-
ously cycled sorbent confirmed much reduced capture ability
in the initial two cycles of run 7B, but the following 24 h of
carbonation achieved ~49% CaO utilization. The cyclic per-
formance then greatly improved, with the performance
approaching that of run 1. Apparently the long period of car-
bonation reactivated the sorbent for further cyclic CO, cap-
ture. Similar reactivation due to long carbonation was
reported by Barker (1973)*! and Salvador et al. (2003),*? but
without explanation. To further elucidate the mechanism,
samples were collected after two further steps. Run 7C
involved exposing the highly cycled residue from run 4 to
24 h of carbonation, whereas a complete calcination of the
carbonated samples from run 7C was carried out in run 7D.

Figure 6a shows a SEM image of initial calcines which
apparently lack pores of 500-1000 nm diameter, but have
abundant much smaller pores. The findings confirm a previ-
ous study for Strassburg limestone of the same particle size
(Sun et al., 2007a)9 and other studies with different lime-
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stones (Abanades et al, 2004a; Abanades and Alvarez, 2003;
Alvarez and Abanades, 2005).”'%* The pore size distribution
for the initial calcine in Figure 7 shows that initial calcines
have a peak pore size at <100 nm (Type 1). As seen in Figure
6b, the often-cycled calcines from run 1 appear to have very
large (Type 2) pores of mouth diameter >1000 nm and an
apparent lack of smaller pores. The reduction of carbonation
time in run 2 resulted in even larger pores, ie. ~1000—
3000 nm. The existence of these large pores is confirmed by
the pore size distribution in Figure 7. In the pore size distri-
bution, intra-particle pores have been approximately differen-
tiated from inter-particle voids based on SEM observation.
Larger voids not visible on SEM images are generally con-
sidered to be inter-particle voids and are not shown in Fig-
ure 7. Neither run 1 nor run 2 showed significant pore vol-
ume for pores <350 nm, both in SEM images (Figures 6b, c)
and in pore size distribution measurements (Figure 7). Based
on the same argument as in our previous work (Sun et al.,
2007d), we assume that all samples in this test did not pos-
sess pores smaller than 6 nm. However, the residual CO,
capture ability of calcines from runs 1 and 2, as evidenced
by the relatively fast carbonation (1000th cycle for run 1 and
300th cycle for run 2), indicates the existence of some Type
1 pores providing accessible surface area for subsequent car-
bonation. Note that Figure 7 appears to give contrasting
observations with calcines generated in Run 1 having more
large-pores (~1000 nm) than those from Run 2. However, in
this case SEM observations are likely to be more accurate
because the pore size distribution measurements could
include inter-particle voids (coincidently also in this size
range) as intraparticle pores.

Earlier studies on the same limestone (Sun et al., 2007a—
d)9_“’19 and other limestones (Abanades et al, 2004a; Aba-
nades and Alvarez, 2003)7’15 all showed bimodal pore size
distributions with two types of pore, with a clear division at
~220 nm, but these tests typically only lasted for 15-20
cycles. When using the measured Type 1 pores (<220 nm),
the equations suggested by Sun et al. (2007d)" predict 14.4
and 3.9% utilizations for calcines after runs 1 and 2, com-
pared with the experimental asymptotic CaO utilizations of
10.3 and 3.8%, respectively. The discrepancy is believed to
be due to the scattering of pore size distribution data. In pore
size distributions for runs 1 and 2 in Figure 7, despite the
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Figure 5. Test results showing the effect of a 24-h car-
bonation on cyclic performance: results of
run 7B compared with run 1.
Test conditions appear in Table 1.
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(a)

(o)

(c)

(d)

Figure 6. SEM photos showing surface texture for a variety of samples.

All samples were derived from 212 to 250 3m Strassburg limestone. (a) Initial calcine; (b) calcines from run 1 after 1040 cycles; (c) cal-
cines from run 2 after 1020 cycles; (d) carbonates from run 7C. Test history: 1000 cycles in run 2 and 24 h carbonation; (e) calcines from
run 7D, calcined sample from run 7C; (f) calcines from run 8A after calcination and sintering for 24 h.

small pore volume in the <220 nm range and lack of
obvious division between pores smaller than ~350 nm
(Figure 7), the predicted trend implies that there are still
many Type 1 pores responsible for the observed faster stage
of capture. Given the scattering of pore size distribution data,
the boundary between Type 1 and Type 2 pores could also
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be approximated as ~350 nm (rather than 220 nm), because
most Type 2 pores are apparently larger than ~350 nm for
all of the often-cycled sorbents. The results also imply that
the reduction of CO, capture ability in run 2 is not merely
because of reduced carbonation time, but mostly due to
structural change of the pores.
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Figure 7. Pore size distributions determined by mer-
cury intrusion method.
Samples after initial calcination for runs 1, 2, 6, 7D, and
8A.

The surface texture of the carbonated sample from run 7C
is shown in Figure 6d. Because run 7C started from the
often-cycled samples from run 7A, one might expect a simi-
lar texture as in Figure 6c before the long carbonation. Fig-
ure 6d shows that after reaching ~49% calcium utilization,
the sorbent surface had become very smooth, suggesting the
filling of all Type 1 pores. There was also a reduction in
pore mouth diameters for the larger Type 2 pores caused by
swelling, with the molar volume of CaCO; ~2.17 times that
of CaO. The calcine after the long carbonation (run 7D)
shown in Figure 6e shows a major reduction in Type 2 pores
relative to its original condition before the long carbonation
illustrated in Figure 6¢c. Type 1 pores in run 7D calcines can-
not be clearly viewed in Figure 6e. However, their existence
is clearly shown in the pore size distribution of Figure 7
with a peak at <100 nm. It can be concluded that reactiva-
tion by long carbonation is very effective in re-arranging
pores. It can also be deduced that carbonation and subse-
quent calcination make the pores involved in the long carbo-
nation (both Types 1 and 2) “forget” their previous cycling
history. The extent to which the much less reactive Type 2
pores are involved in each carbonation (determined by carbo-
nation time), determines the different observed surface tex-
tures. In Figures 6e and 7, there are still some Type 2 pores
in the calcines after long carbonation, indicating that 24 h of
reactivation by carbonation was not long enough to re-
arrange all Type 2 pores.

These test results suggest that the carbonation time should
be as long as possible to maximize the utilization of Type 2
pores. Long carbonation times are desired from the beginning
of cycling to improve the capture ability. Comparing the
results from runs 1 and 6 in Figures 2 and 4, one apparently
can benefit from longer carbonation, not merely from higher
ultimate capture level, but also from a higher carbonation rate,
as evidenced by the higher slope for run 6 in Figure 2. These
improvements appear to be due to better-preservation of Type
1 pores, as shown by the measured pore size distribution of
run 6 calcines in Figure 7. However, in practice, prolonged
carbonation is unlikely to be commercially economical
because a greater portion of the carbonation time would corre-
spond to the very slow carbonation stage. Hence a balance is
needed to optimize the residence time in a carbonator.
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Run 8 was undertaken to determine whether or not the
cyclic time needed to approach the asymptotic capture level
could be reduced. The calcination stage lasted 24 h in the
presence of both CO, and N, (run 8A), but the cycling was
otherwise the same as for run 1. The results are shown in
Figure 8. The best fit values of a, b, and ¢ from Eq. 1 were
0.157, 0.036 and 0.131, respectively. The considerable reduc-
tion in calcium utilization at the early stage of cycling was
due to a sintering-related reduction in surface area that
should involve a decrease in Type 1 pores. The surface tex-
ture of the sintering calcine in Figure 6f shows remarkable
grain growth compared with the initial calcines in Figure 6a.
The pore size distribution for sintered calcines in Figure 7
features single-peaked enlarged pores distributed from 100 to
1000 nm. Compared with the bimodal pore size distribution
normally observed for much-cycled samples, calcines held
for prolonged time in N, in our previous study (Sun et al.,
2007d) or in N, + CO, as in the present study, only resulted
in a pore size shift, but still with a single peak, indicating
mechanistic differences between sintering by cycling and by
simply holding for a long time.

When the cycling started in run 8B, the capture for the
2nd cycle was somewhat higher than for the 1st cycle. The
utilization then slowly leveled off after 100 cycles, reaching
~13-14% calcium utilization. The gradual decay of the cap-
ture ability can be attributed to slow sintering kinetics due to
reduced specific surface area because of a reduction in Type
1 pores (Sun et al., 2007d).19 The mass breakthrough details
in Figure 2, however, show that when the asymptotic level is
closely approached at cycle 260 of run 8, the carbonation
slope remained higher than for run 1, indicating the retention
of many Type 1 pores. SEM images for the cycled samples
(not shown here) after completing run 8B showed very simi-
lar texture as in Figure 6b, with apparent type 2 pores. This
implies that during cycling of sorbents from run 8A, a similar
pore evolution mechanism applied, producing both Type 1 and
Type 2 pores. This test also demonstrates that pre-treatment can
reduce the required residence time from the beginning of
cycling, while maintaining higher ultimate capture.

The reversibility of CaO interspersed with a commercial
SMR catalyst (Ni on Al,O3) is shown in Figure 8. Because
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Figure 8. Cyclic performance of Strassburg-limestone-
derived calcine over many calcination and
carbonation cycles showing asymptotic CO,
capture levels: results of runs 8B and 9 com-
pared with run 1.

Test conditions appear in Table 1. The line is the Eq. 1 fit
for run 8B.
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Figure 9. Schematic representation of modified pore evolution mechanism during cyclic calcination and carbona-

tion.

(a) Original division of Type 1 and Type 2 pores for a fully calcined sorbent; (b) division of Type 1 and Type 2 pores after many carbo-
nation/calcination cycles for a fully calcined sorbent; (c) pathways followed by evolving pores during carbonation and calcination.

of dilution by the catalyst, much less CaO was available in
the mixture than in the other runs. The performance after
221 cycles was very similar to that in run 1, indicating that
the catalyst did not interfere with the ability of the sorbent to
capture CO,. Although CaO was very reactive with bulk
AlLO5 under similar test conditions (Sun, 2007),'* Al,O; as a
catalyst support was not reactive with CaO, probably due to
a lack of reactive sites and limited contacting between the
solid species.

Evolution of pores: A plausible mechanism

The pore-evolution model of Sun et al. (2007d)"° requires
revision to address the non-zero asymptotic (ultimate) CaO
utilizations observed in our extended experiments. The pro-
posed modified mechanism based on the experimental obser-
vations discussed above is described stepwise and illustrated
in Figure 9:

(1) At an early stage of cycling, calcines contain both
type 1 and type 2 pores as a result of simultaneous calcina-
tion and sintering, as discussed by Sun et al. (2007d)."’
Slightly different from what was assumed in the previous
model (Sun et al., 2007d)'° to accommodate the new experi-
mental observations, Type 1 pores may or may not have an
obvious peak at ~100 nm, depending on the stage of cycling.
Type 2 pores are sub-divided into two parts, as depicted in
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Figure 9a, with Type 2a representing pores close to the exte-
rior of the particles available for the next step of carbonation,
whereas Type 2b pores are not available for the next limited-
duration carbonation due to their distance from the exterior,
despite having radii similar to Type 2a pores. For longer car-
bonation times, more Type 2 pores participate in carbonation,
resulting in a higher fraction of Type 2a pore volume. Type 1
pores provide almost all the surface area and determine the
apparent carbonation rates. The difference between the previ-
ous model of Sun et al. (2007d)"° and this modified version
is that Type 2a pores partake in carbonation, though at much
reduced reaction rates.

(2) During a complete cycle consisting of one carbonation
step and the next calcination period, the three classifications
of pores in a fully calcined sorbent, Types 1, 2a, and 2b, ex-
perience different evolution histories. During carbonation,
only Types 1 and 2a pores are able to accommodate carbon-
ate product, whereas Type 2b pores barely change. When the
newly formed carbonate is fully calcined, sintering during
calcination re-arranges the pores left behind because of CO,
evolution, as described in Sun et al. (2007d)."° The pore dis-
tribution (see Figure 9b with pore boundaries from the last
cycle also marked for comparison) differs from that at the
end of previous cycle (Figure 9a), with less Type 1 pore vol-
ume during the early stage of cycling. This is consistent with
the findings of run 7 which indicate that when pores have
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been used to accommodate carbonate, they “forget” their
previous cycling history and re-produce Type 1 and Type 2
pores as in the initial calcination step.

(3) This pore evolution mechanism is further depicted in
Figure 9c, with five parallel calcination/sintering pathways
for the three pore classifications. Both Type 1 and Type 2a
pores can accommodate carbonate in subsequent cycles.
Upon complete calcination, pores appearing after CO, release
are re-distributed into Type 1 and Type 2 (with both 2a and
2b possible, depending on their availability during the next
carbonation step) in accordance with the simultaneous calci-
nation/sintering mechanism (Sun et al., 2007d).19

(4) Because during early cycles, Type 1 pores are plenti-
ful, the loss of Type 1 pores due to the production of Type
2a pores via pathway 2 in Figure 9c exceeds the production
of Type 1 pores via pathway 3. The net effect of this stage
of cycling is a monotonic decrease in the total volume of
Type 1 pores, and hence a monotonic decline in carbonation
rates and CaO utilization for a fixed carbonation time.

(5) After many cycles and further growth of Type 2 pores
at the expense of Type 1 pores, a dynamic equilibrium is
approached when the production of Type 2 pores through
pathway 2 is balanced by the production of Type 1 pores via
pathway 3. After this point is reached, there is no further net
reduction of overall type 1 pores during further cycling, and
asymptotic capture is achieved. Changing the operating con-
ditions, e.g. calcination temperature, affects the sintering
kinetics and the relative importance of different pathways
leading to a different ultimate capture levels and different
relative fractions of the three types of pores.

This revised mechanism is consistent with the experimen-
tal results of this work. In run 2 with reduced carbonation
time, less Type 1 pore volume was regenerated than in run
1. On the other hand, run 6 produced much more Type 1
pore volume because more Type 1 pores were involved in
each reactivation step. The increase in Type 1 pores in run 6
is also consistent with the increased carbonation rate for run
6 in Figure 2. The slight improvement in cyclic performance
for run 8 and in its carbonation rate relative to run 1 may be
due to improved pore distribution achieved by the initial pre-
sintering, resulting in either somewhat more Type 1 pore
volume via pathway 3, or less Type 2a pore volume via path-
way 2. Further quantitative modeling is needed to gain more
insight and to find the optimal cycling conditions.

Conclusions

Asymptotic non-zero capture was attained with a limestone
for all conditions tested, in some cases involving more than
1000 cycles, always in the absence of SO,. The ultimate
CaQO utilization level depended on the operating conditions,
especially the carbonation time. Changing the carbonation
and calcination conditions caused the sorbent to approach the
ultimate utilization which would have been achieved if the
new conditions had been in place from the beginning. With
the help of SEM and pore size distribution measurements,
the results are consistent with a mechanistic model extended
from Sun et al. (2007d)"® where carbonation, combined with
the following calcination, serves as a reactivation step, alter-
ing the pore distribution between Type 1 (<£220-350 nm)
and Type 2 (>220-350 nm) pores. An important feature of
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this modified mechanism is that a portion of Type 2 pores
are involved in each carbonation stage, contributing to reacti-
vation by producing some Type 1 pores.
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