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This pa per pres ents re search on CO2 cap ture by lime-based loop ing cy cles. This is
a new and prom is ing tech nol ogy that may help in mit i ga tion of global warm ing and
cli mate change caused pri mar ily by the use of fos sil fu els. The in ten sity of the an tic -
i pated changes ur gently re quires so lu tions such as the de vel op ing tech nol o gies for
CO2 cap ture, es pe cially those based on CaO loop ing cy cles. This tech nol ogy is at
the pi lot plant dem on stra tion stage and there are still sig nif i cant chal lenges that re -
quire so lu tions. The tech nol ogy is based on a dual fluidized bed re ac tor which con -
tains a carbonator – a unit for CO2 cap ture, and a calciner – a unit for CaO re gen -
er a tion. The ma jor tech nol ogy com po nents are well known from other tech nol o gies
and eas ily ap pli ca ble. How ever, even though CaO is a very good can di date as a
solid CO2 car rier, its per for mance in a prac ti cal sys tem still has sig nif i cant lim i ta -
tions. Thus, re search on CaO per for mance is crit i cal and this pa per dis cusses some
of the more im por tant prob lems and po ten tial so lu tions that are be ing ex am ined at
CETC-O.

Key words: CO2 capture, CaO-based sorbents, looping cycles, hydration, thermal 
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In tro duc tion

It is widely ac cepted that cli mate change is be ing ex ac er bated by in creas ing con cen tra -
tions of green house gases, and it is a key prob lem that re quires ur gent so lu tions. Fos sil fuel com -
bus tion power plants rep re sent a ma jor source of anthropogenic CO2. About a third of global
CO2 emis sions co mes from the burn ing of fos sil fu els in power pro duc tion. Re duc tion of such
emis sions may sig nif i cantly de crease to tal emis sions of green house gases to the at mo sphere.
One pos si ble ap proach is the cap ture of CO2 from flue gas fol lowed by its se ques tra tion in geo -
log i cal for ma tions or per haps on the ocean floor [1-3]. Other ap proaches are en ergy ef fi ciency,
i. e., ef fi cient use of en ergy, and switch ing to non-fos sil fu els and re new able en ergy. Since en -
ergy ef fi ciency has ther mo dy namic lim its and sources of non-fos sil fu els are lim ited, car bon
cap ture and se ques tra tion (CCS) must be con sid ered as an im por tant op tion. The pur pose of CO2

cap ture is to pro duce a con cen trated stream of CO2 at high pres sure that can readily be trans -
ported to a stor age site. Al though, in prin ci ple, the en tire gas stream con tain ing low con cen tra -
tions of CO2 could be trans ported and in jected un der ground, en ergy and other as so ci ated costs
gen er ally make this ap proach im prac ti cal. It is, there fore, nec es sary to pro duce a nearly pure
CO2 stream for trans port and stor age.

The cap ture/sep a ra tion step for CO2 from large point sources is a crit i cal one with re -
spect to the tech ni cal fea si bil ity and cost of the over all car bon se ques tra tion sce nario. The CO2
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sep a ra tion is the first and most tech ni cally chal leng ing and en ergy in ten sive step of CCS; thus,
much re search has been tar geted at im prov ing cur rent tech nol o gies or de vel op ing new ap -
proaches of CO2 sep a ra tion and cap ture. For power plants, CO2 sep a ra tion and cap ture pro -
cesses can be di vided into sev eral sce nar ios: post-com bus tion pro cesses for a tra di tional
coal-fired power plant, pre-com bus tion pro cesses for gasi fi ca tion or re form ing, and oxy-fuel
pro cesses, some times re ferred to as oxy-fir ing or oxy-com bus tion [1-4].

The post-com bus tion scheme is pre sented in fig.
1. Chem i cal ab sorp tion by liq uid or ganic sol vents,
such as monoethanolamine (MEA) [5, 6], has been
widely used in the nat u ral gas in dus try for over 60
years and it is be ing con sid ered for sep a ra tion of CO2

from flue gas. The ad van tage of this tech nique is pro -
duc tion of a rel a tively pure CO2 stream, but it is very
en ergy in ten sive, us ing 1/4-1/3 of the to tal steam pro -
duced by the plant, re sult ing in higher elec tric ity
costs (by 70%).

Im por tant new classes of tech nol o gies for CO2 sep a ra tion are based on solid loop ing
cy cles [7]. These cy cles em ploy a solid car rier to bring ox y gen to the fuel, or re move CO2 from
com bus tion or gasi fi ca tion gases to be re leased as a pure CO2 stream, with sub se quent re gen er a -
tion of the O2 (O2 cy cles) or CO2 car rier (CO2 cy cles), and they are con sid ered in more de tail be -
low.

Pre-com bus tion CO2 cap ture is sche mat i cally pre sented in fig. 2. In this pro cess, fu els
are first con verted into a mix ture of CO2 and H2 through a re form ing (nat u ral gas) or gasi fi ca tion 
(coal) pro cess and the sub se quent shift re ac tion. CO2 can be sep a rated from the con ver sion
prod uct stream and H2 can then be burned in a gas tur bine or be used in a fuel cell. Gasi fi ca tion

par tially ox i dizes coal to pro duce a gas eous
fuel, which is es sen tially a hy dro gen and
car bon mon ox ide mix ture. When syngas is
used to fuel a plant sim i lar to a tra di tional
com bined-cy cle power plant, the pro cess is
re ferred to as in te grated gasi fi ca tion com -
bined cy cle (IGCC) [8, 9]. Meth ods that can 
be used for sep a ra tion of CO2 af ter fuel con -
ver sion are ab sorp tion pro cesses (for ex am -
ple, by MEA, CaO), and phys i cal pro cesses

(pres sure swing ad sorp tion, mem brane tech nol ogy). Pre-com bus tion cap ture is po ten tially less
ex pen sive than post-com bus tion cap ture. IGCC power plants ap ply ing pre-com bus tion cap ture
are more ef fi cient than pul ver ized coal-fired plants and would be the choice for new plants.

Oxy-fuel com bus tion is sche mat i cally pre sented in fig. 3. In this pro cess pure O2 is
sep a rated from air and sent to an en ergy con ver sion unit 
to com bine with par tially re cy cled flue gas (con cen -
trated CO2) to mod er ate the fur nace tem per a ture. Com -
bus tion takes place in an en vi ron ment of O2/CO2. The
re sult ing flue gas is a high-pu rity CO2 stream (~90%),
and fur ther con cen tra tion is not nec es sary [9-11]. The
ad van tages of this tech nol ogy are elim i na tion of NOx

con trol equip ment, po ten tially smaller boiler size and
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Fig ure 1. Sche matic rep re sen ta tion of
post-com bus tion CO2 sep a ra tion

Figure 2. Schematic representation of
pre-combustion CO2 separation

Figure 3. Schematic representation of
oxy-fuel combustion



re duced down stream equip ment size, such as the SO2 scrub ber, be cause only ox y gen is sup plied
for com bus tion. Dis ad van tages in clude the cor ro sion of equip ment by in creased SO2 con cen tra -
tion in the ex haust gas stream and the high cost of ox y gen sep a ra tion that would con sume about
1/4 to 1/3 of the to tal plant out put.

Solid loop ing cy cles

Two types of solid loop ing cy cles for CO2 sep a ra tion are chem i cal-loop ing com bus -
tion (O2 cy cles) and CaO-based CO2 loop ing cy cles. The com mon char ac ter is tic is the use of
sol ids that cir cu late be tween two dif fer ent chem i cal en vi ron ments with fluidized bed com bus -
tion (FBC) sys tems as an op ti mal tech nol ogy.

Chem i cal-loop ing com bus tion [12, 13] in volv ing O2 cy cles, is a com bus tion tech nol -
ogy with in her ent CO2 sep a ra tion. A chem i cal-loop ing com bus tion sys tem, which is sche mat i -
cally pre sented in fig. 4, con sists of two re ac tors, a fuel and an air re ac tor. An ox y gen car rier,
typ i cally a metal ox ide, trans fer ring the ox y gen from the air to the fuel, cir cu lates be tween these
re ac tors. This means that the com bus tion air 
and the fuel are never mixed, and the flue
gas from the fuel re ac tor con sists of a con -
cen trated CO2 stream, ready for se ques tra -
tion af ter steam con den sa tion. The fuel is
usu ally syngas from coal gasi fi ca tion or nat -
u ral gas, but new re search has shown that
com bus tion of sol ids is also fea si ble [14,
15]. The main re ac tion in the fuel re ac tor is:

(2n + m)MexOy + CnH2m ® (2n + m)MeyOy–1 + nCO2 + mH2O (1)

where MexOy is the ox i dized form of the O2 car rier and MexOy–1 is the cor re spond ing re duced
form. Tested O2 car ri ers have ac tive ox ides of Fe, Ni, Cu, or Mn com bined with some type of in -
ert car rier, such as Al2O3, ZrO2, TiO2, or MgO. The re duced form of the O2 car rier is trans ported
to the air re ac tor where it is ox i dized by the ox y gen in the in com ing air:

MexOy–1 + ½O2 ® MexOy (2)

The ox i dized form of the O2 car rier is re turned to the fuel re ac tor for a new cy cle. Ox i -
da tion of the O2 car rier is exo ther mic, while the re ac tion in the fuel re ac tor could be ei ther en do -
ther mic or exo ther mic, de pend ing on the O2 car rier and the fuel.

Loop ing cy cles for CO2 cap ture which em ploy a solid CaO-based car rier, rep re sent an
im por tant new class of tech nol ogy that is sche mat i cally pre sented in fig. 5. They may in ex pen -
sively and ef fec tively re move CO2 from com bus tion (or gasi fi ca tion gases), al low ing it to be re -
gen er ated as a pure CO2 stream suit able for se ques tra tion [7, 16]. The use of sol ids also means
that, in many cases, FBC sys tems will rep -
re sent op ti mal tech nol ogy for such pro -
cesses [17-19] since they per mit large
amounts of sol ids to be trans ferred eas ily
from one chem i cal en vi ron ment to an -
other [20]. The de ploy ment of such tech -
nol o gies has the added ad van tage that
both large (>350 MWe) at mo spheric and
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Figure 4. Schematic representation of chemical
looping combustion

Figure 5. Schematic representation of CaO-based CO2

looping cycles



pres sur ized sys tems also ex ist [21, 22], and so the tech ni cal chal lenges of de vel op ing such sys -
tems for a num ber of pos si ble loop ing cy cle schemes are sig nif i cantly re duced. Pre lim i nary eco -
nomic anal y ses [23-25] sug gest that such pro cesses are eco nom i cally at trac tive, and an im por -
tant ad van tage of us ing CaO is that lime stone (CaCO3) is abun dant and a rel a tively in ex pen sive
ma te rial when used at the in dus trial scale.

CO2 cap ture by CaO-based sorbents is based on the re vers ible chem i cal re ac tion:

CaO(s) + CO2(g)                          CaCO3(s)          DH < 0 (3)

CO2 sep a ra tion from flue gas is pos si ble in a multi-cy cle pro cess in a dual re ac tor. This 
in volves re ac tion of CaO with CO2 from flue gas in a carbonator, and re gen er a tion of sorbent in
a calciner [19]. In the ideal case, car bon ation/cal ci na tion cy cles can be car ried out in def i nitely
with the only lim i ta tions due to the ki net ics of the re ac tions and ther mo dy nam ics of the equi lib -
rium sys tem. The chem i cal equi lib rium of the re ac tion de pends on tem per a ture, T, and CO2 par -
tial pres sure, PCO2

[26]:

log [ ] .
[ ]

10 7079
8308

P
T K

CO2
atm = - (4)

In prac tice, the use of the car bon ation re ac tion (exo ther mic) is lim ited by the max i mum
tem per a ture that al lows CO2 cap ture at the de sired con cen tra tion in cleaned flue gas (ac cord ing
to eq. 4) and the min i mum tem per a ture that al lows a prac ti cal re ac tion rate. The cal ci na tion re ac -
tion is lim ited by the lower limit tem per a ture nec es sary to ob tain suf fi cient CO2 con cen tra tion at
the calciner out let. Op er a tion at el e vated pres sure in the carbonator and at lower pres sure in the
calciner can im prove cy cle ef fi ciency, i. e., in crease the car bon ation rate and ob tain lower CO2

con cen tra tions in cleaned flue gas, al low ing cal ci na tion un der higher CO2 con cen tra tions.
CaO-based CO2 loop ing tech nol ogy is be ing in ten sively in ves ti gated at CANMET

En ergy Tech nol ogy Cen tre-Ot tawa (CETC-O) and a sum mary of the main R&D re sults is pre -
sented in this pa per. The tech nol ogy is cur rently at a pi lot-plant scale dem on stra tion stage with
some im por tant chal lenges re main ing.

Chal lenges of CaO-based CO2 loop ing cy cles

De spite the sim ple chem is try of car bon ation/cal ci na tion loop ing cy cles, there are
some re stric tions to such pro cesses re lated to the ki net ics and ther mo dy nam ics of the re ac tions,
along with un de sir able side re ac tions such as sulphation and pro cesses such as at tri tion and
sintering. Flue gas from fos sil fuel com bus tion typ i cally con tains SO2, which un der CO2 loop ing 
cy cle con di tions ir re vers ibly re acts with CaO, form ing CaSO4. A por tion of the CaO sorbent is,
there fore, lost as CaSO4, and more im por tantly, the CaO re ac tion sur face is cov ered by this
prod uct, pre vent ing con tact of CaO and CO2 with a re sult ing rapid de crease in cap ture ca pac ity
[27, 28]. At tri tion of sorbent is a sig nif i cant prob lem for FBC sys tems [29], lead ing to sig nif i -
cant sorbent elutriation from the re ac tor, and this was con firmed in our first pi lot-scale dem on -
stra tion of the CO2 loop ing cy cle us ing a dual FBC re ac tor [30].

How ever, the ma jor and most in ves ti gated chal lenge for CO2 loop ing cy cles is the de -
crease of re vers ibil ity for the car bon ation re ac tion due to sorbent sintering [31, 32]. A typ i cal
multi-cy cle car bon ation/cal ci na tion run is pre sented in fig. 6. It can be seen that af ter only 10 cy -
cles, con ver sion dropped to 40%, half the con ver sion in the first cy cle. The loss of ac tiv ity con -
tin ues, and it has been shown in long se ries of cy cles (>1000 cy cles) that con ver sions be come

92 Manovic, V., Anthony, E. J.: Improvement of CaO-Based Sorbent Performance for ...

Car bon ation

Cal ci na tion



con stant, at the level of 7-8% [33]. It should also be men tioned that most re search has been per -
formed un der ideal ex per i men tal con di tions, with cal ci na tion stages in N2 at lower tem per a -
tures, while the loss of ac tiv ity oc curs much faster un der re al is tic con di tions ex pected in real
FBC sys tems [34, 35]. It is typ i cally sup posed that dur ing CO2 cy cles, the sorbent mor phol ogy
changes, and the sorbent loses sur face area and small pores, which are the main con tri bu tors to
the rapid car bon ation nec es sary for prac ti cal sys tems. The most im por tant vari able that de ter -
mines sorbent ac tiv ity de cay is the num ber of re ac tion cy cles, and this is the key pa ram e ter in
em pir i cal mod els de scrib ing the change in car bon ation lev els [36, 37]. Other pa ram e ters such as
tem per a ture, du ra tion of car bon ation and cal ci na tion, sorbent type, and sorbent par ti cle size are
much less im por tant in com par i son to the num ber of cal ci na tion/car bon ation cy cles [33, 38].
How ever, it should be men tioned that these mod els can not be ap plied in the case of mod i fied
sorbents that do not show monotonic con ver sion changes along cy cles [39].

The im prove ment of sorbent ac tiv ity for ex tended use in com mer cial plants is im per a -
tive be cause sorbent re place ment costs strongly in flu ence the over all cost of a CO2 loop ing cy -
cle pro cess [25]. Re ac ti va tion by hydration cur rently ap pears to be a prom is ing method for re -
cov ery of the sorbent ac tiv ity [27, 40, 41]. An other ap proach is sorbent dop ing, but
un for tu nately to date, it does not ap pear to sig nif i cantly im prove sorbent ac tiv ity dur ing mul ti -
ple car bon ation cy cles [42, 43], prob a bly be cause most dop ing agents en hance sintering, which
in ter est ingly is also en hanced by the pres ence of im pu ri ties in the sorbent [35, 38, 44]. An ex -
cep tion is dop ing by Al2O3, which shows fairly prom is ing re sults [43, 45-47].

Ther mal pre treat ment of the sorbent at high tem per a tures has shown ben e fi cial ef fects
in the case of a num ber of sorbents [38, 39, 48]. Here, ther mal pre treat ment typ i cally causes
lower con ver sions dur ing the early cy cles, but con ver sions in later cy cles are higher than those
for the orig i nal, un treated sorbents. Thus, the over all re moval ca pac ity over the life time of a
given lime stone is greater. This ef fect is more pro nounced in the case of sorbents with small par -
ti cles ob tained by syn the sis [48] or grind ing [39]. Our re cent study [39] showed that con ver sions 
of four Ca na dian lime stones, af ter grind ing and pre treat ment at tem per a tures of 1000 °C, in -
creased along cy cles, reach ing ~50% in the 30th cy cle. This phe nom e non of in creas ing con ver -
sion with an in creas ing num ber of re ac tion cy cles has been called self-re ac ti va tion. De vel op ing
sorbents with self-re ac ti va tion per for mance and their use for CO2 cap ture would be of great in -
ter est be cause the eco nom ics and en vi ron men tal ad van tages of the pro cess to a large ex tent de -
pend upon the change in sorbent ac tiv ity with an in creas ing num ber of cy cles [23-25].

Improvenment of sorbent per for mances

In our lab o ra tory we have in tensely in ves ti gated spent sorbent re ac ti va tion by steam
hydration, fresh sorbent pre treat ment at el e vated tem per a ture, and dop ing. Re sults of these in -
ves ti ga tions are pre sented in more de tail be low.
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Fig ure 6. Loss of sorbent (Cadomin 
lime stone, 250-425 µm) ac tiv ity dur ing
car bon ation/cal ci na tion cy cles in TGA
(Perkin Elmer TGA-7), 700 ºC 
iso ther mally, 60 min utes car bon ation in
15% CO2 (N2 bal ance), 60 min utes
cal ci na tion in N2



Spent sorbent hydration

Our re search on spent sorbent re ac ti va tion was orig i nally based on ex pe ri ence with re -
ac ti va tion of sorbent uti lized for SO2 re ten tion [49-51]. Most ef forts to im prove sulphation in
FBC sys tems are fo cused on the hydration of spent (par tially sulphated) sorbent [51]. The most
thor oughly in ves ti gated meth ods of hydration are by steam [49, 52-54] or liq uid wa ter [55, 56],
which may also be en hanced by grind ing [57] and sonication [58, 59]. In the lit er a ture [50, 60],
re ac ti va tion char ac ter is tics of sorbents are con nected with the na ture of the par tially sulphated
par ti cle pat tern: uni formly sulphated, core/shell and net work. It has been ar gued that uni formly
or con tin u ously sulphated ma te ri als do not dis play sig nif i cant re ac ti va tion af ter hydration by
steam [50, 60]. How ever, such pat terns may not nec es sar ily be sim i lar for dif fer ent batches of
sup pos edly the same lime stone, sulphated un der dif fer ent con di tions [61]. New ex per i men tal
data also in di cated that uni formly sulphated sam ples can be re ac ti vated given suit able hydration
con di tions [62].

Car bon ation, like sulphation, is a gas-solid re ac tion with solid prod uct for ma tion at the 
sur face of the re ac tant, CaO; there fore, sim i lar con trol ling mech a nisms, lim its, as well as meth -
ods for re ac ti va tion, are ex pected. Car bon ation in cludes a very fast ini tial re ac tion stage, which
is fol lowed by a very slow stage (see for ex am ple fig. 6) con trolled by the dif fu sion of re act ing
spe cies through the prod uct layer of CaCO3 [32, 63]. How ever, an im por tant dif fer ence be tween 
the car bon ation and sulphation pro cesses is pro vided by the dif fer ence in mo lar vol umes of the
solid prod ucts, VM(CaSO4) vs. VM(CaCO3) = 46 cm3/mol vs. 37 cm3/mol. Thus, the sulphation
prod uct layer can block pores near the par ti cle sur face, form ing a par tially sulphated outer shell
and in ner unreacted CaO core [64]. How ever, the pres ence of an unreacted core dur ing car bon -
ation has not been con firmed; more over, it has been dem on strated that only prod uct layer for ma -
tion on the in te rior sur faces of pores is lim it ing for the car bon ation rate [65]. An other im por tant
dif fer ence is re vers ibil ity of car bon ation, i. e., the prod uct layer may be eas ily re moved to ex -
pose sintered sorbent sur face area to hydration.

Tak ing into ac count the above anal y sis, sorbent hydration ap pears to be the most
prom is ing method for re ac ti va tion. It is based on a sim ple chem i cal re ac tion:

CaO + H2O ® Ca(OH)2 (5)

Con sid er ing the hydration tech nique, hydration by steam was cho sen be cause there is
no ex cess wa ter to be re moved, sam ple dry ing is not re quired af ter hydration, there is no loss of
sorbent with liq uid re ac tant and par ti cle size re duc tion is less pro nounced.

Steam hydration ex per i ments in our stud ies were per formed in a lab o ra tory-scale
2 dm3 Parr 4522 M pres sure re ac tor, de scribed else where [66]. Four Ca na dian lime stones
were in ves ti gated: Kelly Rock, Cadomin, Graymont, and Havelock. The crushed lime -
stones were sieved and sam ples of par ti cle sizes typ i cally used in FBC sys tems were ex am -
ined. Spent sorbent sam ples were pro duced in a tube fur nace [27, 40] and in a dual FBC pi -
lot-scale re ac tor [30, 67]. Orig i nal sam ples (be fore and af ter re ac ti va tion) were tested with 
re gard to CO2 car ry ing ca pac ity in loop ing cy cles [27, 40, 68] as well as with re gard to
sulphation per for mance [40, 68, 69] in thermogravimetric an a lyz ers (TGA).

Typ i cal test re sults for sorbent re ac ti va tion for CO2 cap ture are pre sented in fig. 7 [27].
It may be seen that spent sorbent af ter CO2 cy cles in the tube fur nace, at the end of the first cy cle
in the TGA, had a car bon ation de gree ~35%, re gard less of par ti cle size. The shapes of curves are 
un char ac ter is tic for car bon ation (no ini tial fast re ac tion stages). Af ter re ac ti va tion, the sorbent
had sig nif i cantly higher ac tiv ity, with a clearly vis i ble fast stage at the start, and fi nal value for
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the car bon ation con ver sions in
the first cy cle above ~75%, re -
gard less of the par ti cle size,
which was sig nif i cantly higher
than re lated val ues for spent
sorbent.

The be hav ior of re ac ti vated
spent sorbent in mul ti ple car bon -
ation cy cles is shown in fig. 8.
The re sults were ex cep tion ally
good. Car bon ation in the ini tial
cy cles was higher than for the
nat u ral sorbent, with the dif fer -
ence in creas ing along cy cles. As
a re sult the re ac ti vated sorbent
dis played sig nif i cantly better
con ver sions at the end of
multi-cy cle car bon ation. The fi -
nal re sult is an av er age car bon -
ation of ~70% dur ing 10 cy cles
with re ac ti vated sorbent. This
anal y sis shows that steam re ac ti -
va tion ac tu ally im proves sorbent
char ac ter is tics in com par i son to
the orig i nal sorbent. This means
that in the case of CO2 cap ture,
sep a rate SO2 cap ture, i. e., avoid -
ance of sorbent sulphation, in
com bi na tion with steam re ac ti va tion, may en able use of the sorbent for pro longed times, or at
least un til at tri tion phe nom ena dom i nate. This should aid in the com mer cial iza tion of the pro -
cess of CO2 sep a ra tion by CaO-based sorbent in FBC sys tems.

An other in ter est ing re sult is sorbent sam ple swell ing, i. e., in crease of sam ple vol ume
dur ing hydration. The mea sured sam ple vol ume af ter hydration was ~4 times larger than that be -
fore  hydration [27],  which  is  more  than the Ca(OH)2/CaO mo lar vol ume ra tio (33 cm3/mol vs.
17 cm3/mol). It is ex pected that the sorbent af ter re ac ti va tion has more than enough pore space
than is needed for stor age of vo lu -
mi nous CaSO4 dur ing sulphation.
This, and the per cent age of large
pores (>200 nm) no ticed af ter
sorbent re ac ti va tion gave us good
rea son to in ves ti gate sulphation of 
re ac ti vated sorbent, i. e., its ul ti -
mate use for SO2 re ten tion.

The TGA sulphation of re ac ti -
vated sam ples con firms the as -
sump tion of their high ac tiv ity, as 
pre sented in fig. 9. It can be seen
that there are ma jor dif fer ences
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Figure 7. Steam reactivation effect on sorbent activity during
carbonation in the TGA [27]

Figure 8. Steam reactivation effect on sorbent activity during
CO2 cycles in the TGA

Figure 9. Steam reactivation effect on sorbent sulphation
performance in the TGA



be tween sulphation of the orig i nal and re ac ti vated sam ples. Sulphation of CaO is lim ited by dif -
fu sion through the prod uct layer (CaSO4), which forms an outer shell and hin ders con tact of re -
ac tants (CaO and SO2) [70, 71], and hence, sulphation curves for CaO pro duced from lime stone
have a typ i cal shape as shown in the fig ure for the orig i nal sam ple. The sulphation had an ini tial
faster stage, and af ter 60 min utes, 30% sulphation was achieved. Af ter this stage, sulphation be -
came very slow be cause of dif fu sion lim i ta tions. Dur ing the next 60 min utes, only a few per cent
of ad di tional sulphation oc curred. The shape of the sulphation curve for the re ac ti vated sorbent
is very dif fer ent. The be gin ning stage is faster in com par i son to that for the orig i nal sorbent as
there is greater sur face area avail able for re ac tion for the re ac ti vated sorbent. The shift to the
slower stage is not clearly ap par ent, and the sulphation rate is not re duced so dras ti cally, reach -
ing 75% af ter 2 hours. More over, the sam ples af ter that showed a rel a tively high sulphation rate

dur ing a fur ther 2 hours of sulphation. The
fi nal re sult, af ter 4 hours, rep re sents al most
to tal sulphation (>95%), cal cu lated on the
ba sis of the TGA data and con firmed by
X-ray dif frac tion (XRD) quan ti ta tive anal -
y sis [69]. This showed that CO2 loop ing
cy cles had a ben e fi cial ef fect on hydration
and sub se quent sulphation be hav ior of
these sam ples.

The su pe rior be hav ior of re ac ti vated
sorbent in car bon ation and in sulphation
sup ports the idea of a new pro cess of uti li -
za tion of CaO-based sorbents in FBC sys -
tems for en hanced CO2 cap ture and en -
hanced SO2 re ten tion, sche mat i cally shown 

in fig. 10 [69]. A pro cess can be de vel oped in which the fi nal prod ucts are ash with lit tle or no
unreacted CaO, clean flue gas with “zero” SO2 and less than 5% CO2, and a sep a rated stream of
con cen trated CO2 (>95%). The high S/Ca mo lar ra tio in the ash re duces the prob lems of ash dis -
posal (and dis posal of spent sorbent from CO2 cy cles) and cuts waste sol ids pro duc tion by half
in terms of the amount of sorbent needed for SO2 re ten tion. The main lim i ta tion for this ap -
proach in FBC sys tems may be sorbennt at tri tion, and it may be worth ex plor ing pelletization
con cepts to use such sol ids fur ther. In the case of sorbents with high Ca/S mo lar ra tio and/or with 
greater ten dency to sintering (ac tiv ity de cay), im proved per for mance may be ob tained us ing the
re ac ti vated sorbent for en hance ment of car bon ation. An ad di tional ad van tage of the pro posed
pro cess is sep a ra tion of CO2 cap ture from SO2 re ten tion (se quen tial SO2/CO2 cap ture) be cause
of very neg a tive ef fects of sulphation on car bon ation [27, 28]. In the pro posed scheme, SO2 re -
ten tion oc curs pre dom i nantly in the combustor, with only small con cen tra tions of SO2 en ter ing
the carbonator with the flue gas.

Ther mal pre treat ment of sorbent

The main idea of ther mal pre treat ment is to sta bi lize sorbent mor phol ogy, i. e., re -
duce sintering and loss of sur face area. That could aid in main tain ing sorbent CO2 car ry ing ac -
tiv ity along cy cles. An ex per i men tal para met ric study on the sorbent cap ture ca pac ity along
CO2 cy cles [38] showed an in ter est ing re sult, that with lon ger cal ci na tion times the sorbent
has higher con ver sions, as shown in fig. 11. A fa vor able in flu ence of the cal ci na tion time was
un ex pected and dif fered from the be hav ior pre sented in the lit er a ture. Grasa et al. [33] and
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Fig ure 10. Sche matic rep re sen ta tion of se quen tial
SO2/CO2 cap ture en hanced by sorbent re ac ti va tion
[69]



Lysikov et al. [48] showed that the cal ci -
na tion time is not an im por tant pa ram e ter,
and Sun et al. [31] found that a lon ger cal -
ci na tion time ac tu ally re duced the pore
vol ume for pores <220 nm, which are most 
re spon si ble for car bon ation con ver sions.
More over, sintering the ory that is typ i -
cally used to ex plain de cay of sorbent ca -
pac ity as sumes that lon ger ex po sure of
sorbent to higher tem per a tures should lead 
to more in ten sive sintering and loss of ac -
tiv ity.

The re sults pre sented in fig. 11 il lus trate 
that the sorbent does not lose ac tiv ity as a
con se quence of pro longed ex po sure to cal ci na tion con di tions, and it ap pears that this treat ment
may ac tu ally im prove sorbent be hav ior. These re sults are in ter est ing be cause they show that
pro longed ex po sure of the sorbent to heat may sta bi lize its max i mum car bon ation level as a
func tion of re ac tion cy cles and en hance its CO2 car ry ing ca pac ity. More over, it can be ex pected
that some ther mal pre treat ment of the sorbent can re duce un de sir able at tri tion in FBC sys tems
be cause pretreated par ti cles may have
greater hard ness.

Fur ther CO2 loop ing cy cles were per -
formed with sam ples pretreated at dif fer ent
tem per a tures (800-1300 ºC) in ni tro gen for
dif fer ent du ra tion (6-48 hours). The most
in ter est ing re sults are pre sented in fig. 12,
where pre treat ment was for 24 hours. It can
be seen that the sam ple treated at 900 °C
had ~20% lower con ver sion in the first cy -
cle than that of the orig i nal sam ple. How -
ever, con ver sion for the pretreated sam ple
in creased and in the third cy cle was ~8%
higher than that of the orig i nal sam ple. In
sub se quent cy cles, con ver sion was typ i -
cally at least 10% greater than that of the
orig i nal un treated sorbent. Also, pre heat ing 
of hy drated sam ples mod i fies their con ver -
sions dur ing cy clic car bon ation. Ex per i -
ments per formed with sam ples pretreated at 
higher tem per a tures show sig nif i cant in crease of con ver sions for the ini tial 6-7 cy cles. This ef -
fect we have called self-re ac ti va tion. Be yond this point, the de crease in ac tiv ity is less pro -
nounced, re sult ing in higher con ver sions in com par i son to those seen for the orig i nal sam ple.
Per haps the most in ter est ing re sult is seen for pow dered sam ples (<50 mm). It can be seen that
self-re ac ti va tion oc curred for the en tire 30 cy cles. The high est con ver sion was ob tained for the
last cy cle, when 49% car bon ation was achieved. The mean value for 30 cy cles was ~45%, which 
is very good for a nat u ral sorbent that has not been chem i cally mod i fied. These re sults sug gest
that self-re ac ti va tion will con tinue in sub se quent cy cles (i. e., con ver sions will ad di tion ally in -
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Fig ure 12. The ef fect of sorbent pre heat ing for 24
hours on its car ry ing ca pac ity in 30 CO2 loop ing cy cles 
in TGA, iso ther mally at 800 ºC, car bon ation for 30
min utes in 50% CO2 (N2 bal ance), cal ci na tion for 10
min utes in N2. Sorbents: “Orig i nal” – Kelly Rock
lime stone, 300-425 µm; “900 ºC” – orig i nal sorbent
pretreated at 900 ºC; “Hy drated, 900 ºC” – orig i nal
sorbent spent in 20 CO2 cy cles in tube fur nace, hy -
drated by steam and pretreated at 900 ºC; “Pow dered, 
1000 ºC” – orig i nal sorbent ground to <50 µm and pre -
heated at 1000 ºC

Fig ure 11. In flu ence of the cal ci na tion du ra tion on
the sorbent (Kelly Rock lime stone, 75-150 µm) ac tiv -
ity de cay in 10 CO2 cy cles in TGA, iso ther mally at
750 ºC, car bon ation for 30 min utes in 50% CO2 (N2

bal ance), cal ci na tion for dif fer ent du ra tions in N2



crease). This find ing was sup ported by ex per i -
ments with four Ca na dian lime stones (Kelly Rock,
Cadomin, Graymont, and Havelock), [39].

The fa vor able in flu ence of sorbent ther mal pre -
treat ment and the ef fect of sorbent self-re ac ti va tion 
can not eas ily be ex plained by con sid er ing sintering 
and pore dis tri bu tion change mod els. For ex am ple,
it is ex pected that ex po sure of sorbents to high tem -
per a tures leads to the for ma tion of larger pores and
the elim i na tion of smaller pores, re sult ing in lower
car bon ation con ver sions. To ex plain these re sults,
we pro pose that sorbent skel e ton changes need to
be con sid ered (along with pore size changes), as

these oc cur dur ing cy cling [39, 48, 72]. A sche matic rep re sen ta tion of the pro posed pore-skel e -
ton model is given in fig. 13 [39]. Dur ing cy cling, two dif fer ent types of mass trans fer in the
sorbent par ti cles must oc cur in par al lel: bulk mass trans fer con nected to the for ma tion/de com -
po si tion of CaCO3 and ion dif fu sion in the crys tal struc ture of CaO. Ion dif fu sion in CaO sta bi -
lizes its crys tal struc ture but with no sig nif i cant ef fect on par ti cle mor phol ogy and cor re spond -
ing car bon ation con ver sions [38]. Bulk mass trans fer leads to ma jor changes of mor phol ogy, to
sintering and loss of sorbent ac tiv ity. Dur ing CO2 cy cles, com pe ti tion oc curs be tween ion dif fu -
sion and bulk mass trans fer, and two types of struc ture or skel e ton are formed: (1) an in ter nal
unreacted struc ture and (2) an ex ter nal struc ture in which re ac tions pro ceed. The in ter nal skel e -
ton can be con sid ered as a hard skel e ton that sta bi lizes and pro tects the par ti cle mor phol ogy.
The ex ter nal struc ture can be con sid ered to be a soft skel e ton that eas ily changes dur ing CaCO3

for ma tion and de com po si tion. Dur ing ther mal pre treat ment of sorbents, bulk dif fu sion oc curs
only dur ing cal ci na tion, but when the de com po si tion of CaCO3 is com pleted, ion dif fu sion con -
tin ues, which leads to skel e tal struc ture sta bi li za tion and the for ma tion of a hard skel e ton. In the
ini tial cy cles the re ac tion rate is slower be cause the hard skel e ton is less re ac tive; ion dif fu sion
nec es sary for car bon ation is more dif fi cult in that type of skel e ton be cause it is a more sta ble
struc ture. In sub se quent cy cles, the out ward or ex ter nal (soft) skel e ton is formed be cause of for -
ma tion/de com po si tion of CaCO3, which ac cel er ates the car bon ation rate. An in crease of con -
ver sion with cy cle num ber oc curs be cause the soft part of the skel e ton grows. More over, the
smooth sur face ob tained dur ing ther mal pre treat ment may be trans formed dur ing re peated car -
bon ation/cal ci na tion cy cles, also lead ing to in creased con ver sions. At the same time, the in ward
hard skel e ton keeps the par ti cle mor phol ogy sta ble. The con ver sion for one sorbent af ter in fi nite 
cy cles is the con se quence of the com pe ti tion be tween ion dif fu sion (for ma tion of hard skel e ton)
and bulk mass trans fer (sintering), which re sults in for ma tion of the fi nal mor phol ogy with a sta -
ble skel e ton that de ter mines con ver sions.

How ever, it should be men tioned that there are sorbents that do not show en hanced per -
for mance af ter pre treat ment at high tem per a tures, and La Blanca (Span ish) lime stone is one ex am -
ple [72]. It was also in ter est ing that large par ti cle size sorbent sam ples (or der of mag ni tude of hun -
dreds of mm, typ i cally used for FBC op er a tions), re gard less of the fa vor able in flu ence of ther mal
pre treat ment, did not show a self-re ac ti va tion ef fect [38, 39]. To high light these find ings, fur ther
ex per i men tal work was fo cused on La Blanca lime stone and on large-par ti cle sorbents.

In the el e men tal anal y sis of La Blanca [73], the some what higher Na2O con tent
(1.07%) in com par i son to that seen with our pre vi ously in ves ti gated lime stones (<0.2%) was
noted [27, 40]. An other po ten tially sig nif i cant dif fer ence was the ab sence of Al2O3 and SiO2 in
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Figure 13. Schematic representation of
proposed pore-skeleton model [39]



com par i son to anal y sis re sults for Ca na dian
lime stones (Al2O3 – 0.33-1.44%; SiO2 –
1.03-5.34%).

It is known that the pres ence of Na+ ions in
the crys tal struc ture of CaO causes lat tice de -
fects, which en hance mass trans fer and
sintering [44] that un fa vor ably re flect on CO2

cap ture ca pac ity [38]. Thus, the first idea was
to check if and how dop ing of lime stone by
Na2CO3 af fects its cap ture ca pac ity in a se ries
of CO2 loop ing cy cles. Mix tures of Kelly
Rock lime stone and Na2CO3 were ground, and 
TGA runs were per formed: pre treat ment at
1000 °C fol lowed by 30 CO2 cy cles. The re -
sults are pre sented in fig. 14 [73].

It can be seen that doped sam ples showed a dras tic loss of ac tiv ity. An in ter est ing re -
sult is the in creased con ver sions with in creas ing amount of dop ant dur ing the first ~15 cy cles
and the op po site ef fect dur ing the re main ing cy cles. This, we be lieve, is the re sult of two op pos -
ing ef fects of Na on CaO cap ture ca pac ity. The first ef fect is a fa vor able in crease of Ca2+ dif fu -
sion in CaO/CaCO3 in the pres ence of Na+ ions. This en hanced dif fu sion in the prod uct layer, in
gen eral, can be ex pected to ac cel er ate gas-solid re ac tions at the re act ing sur face. For ex am ple, in 
sulphation, there is ev i dence that dop ing of the sorbent with Na2O in creases con ver sion [70].
The sec ond ef fect is en hance ment of bulk mass trans fer in the pres ence of Na+ ions, which leads
to more pro nounced sintering [44]. This ef fect is cu mu la tive with in creas ing num bers of cy cles
and, af ter ~15 cy cles in the ex per i ment ex plored here, be comes dom i nant. The sorbent sur face is 
sintered to such an ex tent that con ver sion loss caused by it can not be com pen sated by con ver -
sion growth be cause of en hanced dif fu sion in the prod uct layer. An other ef fect that can con trib -
ute to sintering in CaO/Na2O/CO2 sys tems is the lower melt ing point of Na2O as well as the for -
ma tion of other com pounds – Na2Ca(CO3)2/Na2Ca2(CO3)3 – with lower melt ing points in
com par i son to that of CaO. Scan ning Elec tron Mi cro scope (SEM) im ages of orig i nal (a) and
doped/pretreated (b) Kelly Rock as well as orig i nal La Blanca sam ple (c) af ter 30 CO2 cy cles,
pre sented in fig. 15 [73], strongly il lus trate pro nounced sintering and loss of sur face area as a re -
sult of the pres ence of Na in the CaO.

The ab sence of Si and Al in La Blanca lime stone may also lead to the poorer per for -
mance of pretreated sam ples, al -
though the ev i dence for a fa vor -
able ef fect of Si is at best
am big u ous. Thus, it is known that 
SiO2 re acts with CaO, pro duc ing
sil i cates with lower melt ing
points than those of CaO, which
sug gests there would be an un fa -
vor able in flu ence of SiO2, and
this has been re cently ex per i men -
tally con firmed [35]. By con trast,
there is ev i dence that Al in CaO
im proves its ther mal and CO2

cap ture sta bil ity [45-47]. To
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Figure 14. Effect of doping by Na2CO3 and
thermal pretreatment (1000 °C for 6 h) of Kelly
Rock limestone on its capture capacity along 30
CO2 cycles in TGA, isothermally at 800 ºC,
carbonation for 30 min. in 50% CO2 (N2 balance),
calcination for 10 min. in N2

Fig ure 15. SEM im ages of sorbent sam ples af ter 30 CO2 cy cles in
TGA; (a) Kelly Rock lime stone, (b) Kelly Rock lime stone doped
with 5% Na2CO3, ground, and pretreated at 1000 ºC for 6 hours,
and (c) La Blanca lime stone pretreated at 1000 ºC for 24 hours



dem on strate such an ef fect, La Blanca
was doped with Al2O3, ground and ther -
mally pretreated. The re sults for con -
ver sions dur ing car bon ation/cal ci na tion 
cy cles are pre sented in fig. 16 [73].
Here, a clear in flu ence of dop ing by
Al2O3 on car ry ing ca pac ity of the
sorbent can be seen. This means that,
be sides the neg a tive ef fects of the high
Na con tent of La Blanca lime stone, an -
other prob a ble cause for the ab sence of
a self-re ac ti va tion ef fect is a de fi ciency
of Al. The in flu ence of Al on sorbent
mor phol ogy, which is the de ter min ing
fac tor for CO2 cap ture ca pac ity, has
been in ves ti gated by SEM-EDX anal y -

ses of the sorbent morphology. The re -
sults pre sented in fig. 17 [73] are typ i cal
for an Al2O3-doped sam ple an a lyzed af -
ter 30 CO2 cy cles. A quite dif fer ent sam -
ple mor phol ogy, com pared to those pre -
sented in fig. 15 (b and c) is ap par ent.
More over, dif fer ent ar eas of sur face
mor phol ogy ex ist, de pend ing upon the
Al2O3 con tent.

The lack of self-re ac ti va tion af ter
pre treat ment of large par ti cle size sam -
ples was an other chal lenge be cause it is
de sir able to use pretreated im proved
sorbent in FBC sys tems. Thus, ther mal
pre treat ment has been in ves ti gated in
more de tail with dif fer ent lime stones
and un der dif fer ent con di tions with the
aim of gen er at ing self-re ac ti va tion ef -
fects for large-par ti cle sam ples typ i cally
used in FBC sys tems. The best re sults
were ob tained with the pre treat ment oc -
cur ring in a CO2 at mo sphere, rather than
the N2 at mo sphere pre vi ously in ves ti -
gated, as pre sented in fig. 18 [74].
Pretreated Kelly Rock and Katowice
(Pol ish) lime stone sam ples showed sig -
nif i cantly in creas ing con ver sions for the
ini tial cy cles while La Blanca again be -
haved quite the op po site, ex plained by
more pro nounced sintering of this lime -
stone (see above). The role of CO2 dur -
ing pre treat ment is ben e fi cial be cause it
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Fig ure 16. Ef fect of dop ing by Al2O3 and ther mal pre treat -
ment (1100 °C for 6 hours) of La Blanca lime stone on its
cap ture ca pac ity along 30 CO2 cy cles in TGA, iso ther mally 
at 800 ºC, car bon ation for 30 min utes in 50% CO2 (N2 bal -
ance), cal ci na tion for 10 minutes in N2 [73]

Fig ure 17. SEM-EDX anal y ses of Al2O3 con tent at the
sur face of sam ple La Blanca, doped with 5% Al2O3,
pretreated at 1100 °C for 6 hours, and cy cled (af ter 30
CO2 cy cles, see fig. 16) [73]

Fig ure 18. Ef fect of pre treat ment on sorbent car ry ing
ca pac ity in 45 CO2 loop ing cy cles in TGA (iso ther mally at 
800 ºC, car bon ation for 10 minutes in 50% CO2 (N2 bal -
ance), cal ci na tion for 10 min utes in 100% N2) of orig i nal
par ti cle size sam ples (Kelly Rock: 300-425 µm, Katowice: 
400-800 µm, and La Blanca: 400-600 µm) pretreated at
1000 ºC for 24 hours in 100% CO2



ap pears that the CO2 in con tact with CaO
helps in its recrystallization and sta bi li za -
tion of crys tal struc ture, but does not sig -
nif i cantly en hance bulk dif fu sion and
sintering.

Mer cury porosimetry of the pretreated 
sam ples showed a shift of pore size dis tri -
bu tion with sam ple pre treat ment/cy cling
[75]. The max i mum in pore size dis tri bu -
tion (about 1 µm) ap peared with loss of
smaller pores. This was in ter est ing with
re gard to sulphation, which is of ten lim -
ited by pore plug ging by bulky CaSO4

and for ma tion of an unreacted CaO core.
The mod i fi ca tion of pores dur ing ther mal pre treat ment led to for ma tion of sorbent mor phol ogy
that cor re sponded to lower re ac tion rate (be cause of lower sur face area), but lower chance for
pore plug ging (be cause of larger pores and re duced re ac tion rate). The typ i cal re sult of
sulphation of pretreated sam ple in com par i son with its cor re spond ing orig i nal sam ple is pre -
sented in fig. 19. It can be seen that con ver sion of pretreated sam ple af ter 15 hours is 58%, 8%
higher than that for the orig i nal sam ple. Un for tu nately, fur ther sulphation of pretreated sam ple
is lim ited by sorbent po ros ity (51% for pretreated sam ple from fig. 19), i. e., avail able space for
stor age of CaSO4; and also the un fa vor able shrink age of sorbent par ti cles dur ing pre treat ment
and es pe cially dur ing CO2 cy cles [35, 75]. How ever, re gard less of these lim i ta tions, spent
sorbents from CO2 loop ing cy cles as well as pretreated sorbents are worth con sid er ing for use in
SO2 re ten tion.

Con clu sions

CaO-based CO2 loop ing cy cle tech nol ogy is a new, rap idly de vel op ing tech nol ogy,
pres ently in the pi lot-plant dem on stra tion stage. The ma jor tech nol ogy com po nents are well
known from other pro cesses and eas ily ap pli ca ble. When con sid er ing ther mo dy nam ics and
sorbent costs, CaO ob tained from lime stone is the best can di date for use as a solid car rier of CO2

from di lute gases to con cen trated streams ready for se ques tra tion. How ever, the key tech nol ogy
costs, which are aimed at £$20 per ton of avoided CO2, are strongly con nected with the be hav ior 
of sorbent in CO2 loop ing cy cles in a real sys tem, which typ i cally is a FBC. The main hur dles for 
the tech nol ogy are over com ing the loss and de ac ti va tion of sorbent through sulphation, at tri tion
and sintering. The in ten sive re search at CETC-O to im prove sorbent per for mance was pre sented 
in this pa per. To date, the most prom is ing meth ods were re ac ti va tion of spent sorbent by steam,
ther mal pre treat ment of sorbent, and dop ing, most likely with Al2O3. The com bi na tion of these
meth ods, in clud ing pelletization, should pro vide us with en hanced sorbent per for mance.
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