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Beenenune
B ycnoBusx pocta nmotpebiieHus: HCKOMAaeMbIX TOIUTMB U 00€CIIOKOEHHOCTH MUPOBOTO COOOIIECTBA
pactymumu BbiOpocamu TapHUKOBBIX Ta30B (CO;) NPHOPUTETHBIM HANpABICHUEM DPa3BUTHA
SHEPreTUKHU SIBIISIETCS PALMOHAIBHOE HCIOJIb30BAaHUE SHEPrOPECypCOB U Pa3BUTHE TEXHOJIOTMH,
HalpaBJEHHbIX HA OrPAHMYEHHE OHMHUCCUU YIVIeKUciaoro rasza. Ha cerogHsmHuii aeHb
perenepupyembie copOoeHTsl CO, Ha OCHOBE OKCHIA KalbIMs PAacCMaTPUBAIOTCS B KadecTBe
MEPCIIEKTUBHBIX MaTEpUAJIOB I CBSI3bIBAHMSI TMOKCUA YIIIEpoa B MPOLECCaX OYMCTKH JIbIMOBBIX
ra3oB anekrpocraniuii, TOL] u mpomeccax razudukauu OHOMACCHI ¢ METbIO MOJYYCHUS BOJOPO/Ia
JUUTS. TOIUIMBHEIX 3JIeMeHTOB [1].
OcHoBHO# mpobnemoii ucnoiab3oBaHusi copdentoB CO, sSBNSETCS YMEHbBIIEHHWE HX COPOLIMOHHON
€MKOCTH B IMKJIaX COpOLHs/pereHepauus, IpOUCXOAIIee BCIEACTBUE CrieKaHus. M3BecTHO, 4TO
TEKCTYpHbIE CBOICTBa MOIJIOTUTENEH CYIIECTBEHHO BIIMAIOT KaK Ha BEIMYMHY, TaKk WU Ha
CTaOUJILHOCTh COPOLIMOHHOM EMKOCTH B LHMKIaX copOuuu perenepanuu [2]. nga momyueHus
o0pa3noB copOeHToB Ha ocHoBe CaO ¢ pa3nuyHOM MOPHUCTOM CTPYKTYPOH HCHOIB3YIOT P
METOJIOB TMPUTOTOBJIECHUSA: MPSAMOE TEPMHUUECKOE PA3JI0KEHHE MPUPOAHBIX H3BECTHsKOB, Ca-
COJIEpKaIlMX COJIEH W THAPOKCHAOB, «MOKPBIE» METOJIMKH, B KOTOPBIX OCAXIAIOTCA YacCTHIIbI
MPEIIECTBEHHUKA OMNpEACICHHbIX pa3MepoB M (OpM, 30Jb-T€llb METOJ, THUAPOJU3 aJKOCHIOB
KabIUs U TUIAMEHHBIM Muponn3. B ykazaHHBIX crocobax TEKCTypa MOTJIOTUTENs PeryaupyeTcs B
OCHOBHOM XMMHUY€ECKOW MIPUPOJI0H MPEIIeCTBEHHUKOB U YCIOBUSIMU cuHTe3a [3].
B nocnennue nBa necATUIETHs] aKTUBHOE Pa3BUTHE MOJYYMI MOJAXOJ K CHHTE3y KepaMHUYECKHX
MaTepHalioB M KaTajau3aTopoB, B KOTOPOM B oOpasell /Ui MopooOpa3oBaHMs BBOAUTCS TEMILIAT C
3alaHHBIMU opMOit 1 pazmepom uacTull. [locie dhopMupoBaHUsS U OTBEpICHUS TPAHYN YACTHIIBI
TeMIUIaTa YIAISIOTCS, B PE3yJIbTaTe 4ero oOpasern mpruodpeTaeT TpeOyemMyro MOPUCTYIO CTPYKTYPY,
C 3aJJaHHBIM pa3MepPOM U 00beMoM Top [4].
Mpsl monaraeM, YTO TEMIUIATHBIM IMOAXOJ MO3BOIUT co3fnaTh copOeHThl CO, ¢ ONTHMAalbHOU
MOPHUCTOH CTPYKTYPOH, CITIOCOOHOI 00ecneunT BHICOKHE KCILTyaTallHOHHBIE XapaKTEPUCTHKH.
B pmemsx ontuMuzandd  TOPUCTOM  CTPYKTYphl OyAe€T HCIOJIB30BaHO MaTeMaTH4eCcKOoe

MOJICIMPOBAHNE, OCHOBAaHHOE Ha METOJIaX BBIUMCIUTEIHHOM TOMOJIOTHH [5].



Hean pabdoTsl

OCHOBHOH 1IeIBI0 PabOTHI SIBISICTCS IIeJICHATIPABICHHBI CHHTE3 HOBBIX BBICOKOTEMIIEPATYPHBIX
copbenToB CO,, 001a1al0MIKMX BHICOKOW U CTAOMIBHON COPOIITMOHHON €MKOCTBIO, U MEXaHHUYECKOM
MPOYHOCTHI0. B paMkax paboThl IUIAHUPYETCS MCCIEAOBATh MEPCHEKTUBBI TEMIUIATHOTO METOJa
CUHTE3a I PUTOTOBJICHUS COPOSHTOB | JIp. TIOPUCTHIX MAaTEPUAIOB U MMPOBEPUTH MPUMEHUMOCTh

COBPEMEHHBIX METOJIOB MOJICIIMPOBAHUS JIJIsl pacueTa COPOLIMOHHBIX CBOUCTB MOTIOTUTEIICH.

Pe3yabTaThl BHINOJIHEHHS PA0OT MO MEPBOMY ITaIly MPOeKTa

B pamkax mepBoro srtama IJIAHUPOBAIHM IMPOBECTH CHUHTE3 MAPTUH MACCHUBHBIX XEMOCOPOCHTOB
JIMOKCHIa yriiepoia Ha ocHOBe uncToro CaO ¢ UCMONb30BaHUEM TEMIUTATHOTO METO/A, U TTOJIPOOHO
U3YYUTh MX TEKCTYPHbIC M COpPOIIMOHHBIC CBOMCTBa. B pesynbrare npojenaHHONW padoThl OBLIO
O0OHapYKEHO, YTO TEMIUIATHBIN ITOAX0]] MOXET OBITh MCITOJIb30BaH B KAUECTBE MPSIMOTO METOJIa JJIs
(GOpMUPOBaHHS TIOPUCTOM CTPYKTYpPHl COPOCHTOB HAa OCHOBE OKCHAA Kaibius. DyHKIus
MTOPUCTOCTH, TOSIBIISIFOIICHCS B COPOCHTE B PE3yNIbTaTe BBDKHTAHUS TEMIUIATHOTO arcHTa 3aBUCHT
HE TOJILKO OT 00beMa BHECEHHOT'O TEMILIATa, HO U OT pa3Mepa MCXOIHBIX YACTHII, H TEMIIEPATyPhI
TepMo0OpaboTKu. [1oka3aHo, 4TO B Cllyyae YacTHIl TEMIUIATa C Pa3MEepPOM MeHee | MKM He ynaeTcs
MIPOBECTHU JTUCIICPTUPOBAHUE arJIOMEPATOB YACTHII IO OTACIBHBIX YACTHI] OOBIYHBIMH METOIaMH. B
pe3ynbrate 00BEM TOp M CPEAHHWH pa3Mep IMOp, BO3HHKAIONIUE B HOCHTENE IMPH BbDKUTAHHUH
TEeMILIaTa, MPEBOCXOAAT PACUETHBIM 00BEM MOP, PACCUUTAHHBIM U3 TaHHBIX 110 MACCE U MJIOTHOCTH
BHOCHMOTO TeMmIuiata. B ciydae wactun = 1 MKM HOpHUCTas CTPYKTypa COpOEHTa MpPaKTUYECKU
MOJIHOCTBIO COBMAaeT ¢ pacueTHO. COpOIMOHHbBIE CBOMICTBA CHHTE3UPOBAHHBIX COPOESHTOB YETKO
YKa3bIBAlOT HAa TO, 4YTO Oojiee pa3BUTas TOPUCTasl CTPYKTypa MO3BOJSET obOecneuuTh Ooliee
BBICOKYIO CKOPOCTB JIECOPOIIMH TMOKCHUIA YTIIepoaa cCOpOSHTaMH, UTO SBJISICTCS BAXKHBIM (DaKTOPOM
JUIS TIPaKTHYecKOoro mnpuMeHeHus. CopOeHThI, MPUTOTOBJICHHBIE C HCIIOJIBb30BAHUEM TEMILIATa,
obnananu Oonblieil u 6onee cTaOUIBPHOW BENTUYMHONW COPOLIMOHHOW €MKOCTH, TIO CPaBHEHHIO C

copOeHTaMu, OJIy4YeHHbIMH OecTeMIuaTHbIM criocobom (Puc. 1).



Without PS template
With PS template
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Puc. 1 EMKOCTb COpOEHTOB B LIMKJIaX COPOLIMH/pEreHepariy.
ITonpoOHOE omucaHue CHHTE3a M HCCIIEAOBAaHUS CBOICTB TEMIUIATHBIX COPOEHTOB IPHUBEICHBI B

HY6J'II/IK3HI/II/I, HpHJ’IO)KCHHOfI K UTOIT'OBOMY OTUCTY.



Pe3yabTaThl padoT mo BTOPOMY 3Taly NPoeKTa

BaxHoit 3aaueii npu pa3zpabOTKe HOBBIX BBICOKOTEMIIEPATYPHBIX MOTIOTHUTECH SIBIISCTCS
CO3JJaHUE HAJIS)KHOIO HMHCTPYMEHTA IPOTHO3UPOBAHUS CBOWCTB COPOEHTOB, OCHOBAaHHOIO Ha
aHaJIM3€ HKCIEPUMEHTAIbHBIX YCIOBMH M cTpoeHus noriorurend. CymiecTByeT OOLIMpPHBIN
HKCHEPUMEHTAIbHBIM MaTepuan M0 U3MEHEHHI0 MOP(OJIIOTMYECKUX U COPOLMOHHBIX CBOWCTB
COpOEHTOB B Tpolecce 3Kciuryaranuu. Ha 0a3ze 3THX AaHHBIX CO34aHO KAaueCTBEHHOE OIMCaHHE

Mexanmn3ma crekanus CaO B nukinax copoumu/ perenepanuu (Puc. 2.)[6].

1 ,}{}2 .3

“Jo 332 435
— g5 | Ba B

Puc. 2. I3MeHeHue TeKCTypbl COpOEHTa B ITUKIIAX copOIuu/pereHepanuu. (1-ucxoanblii copOeHT,
2-copOeHT 1ocIe MepBor perenepanuu, 3- COpOeHT mocJe nepoi copOunu, 4-copoeHT mocie
BTOPOI pereHepaiuu, 5- COpOeHT MOCie N [MUKJIOB COPOHH, 6- COPOSHT MOCIIEe N IIUKIOB
pereHeparmy.

C npyroii CTOPOHBI, MaTEMAaTUYECKOE MOICITUPOBAHHE ITHX CHUCTEM B IpOIecce ITUKIOB
copOmmu/pereHepauil  MPEJACTABICHO B JIUTEPAType TOTYIMIUPUYCCKUMH 3aBHCHMOCTSIMHU
3HAYEHUS! JUHAMHUYECKON €MKOCTH OT HOMepa IMKJIAa B BHJE CTENEHHBIX MM SKCIIOHEHIIMATBHBIX
byHKIU [2], KOTOpble HE YYUTHIBAIOT TaKWe MapaMeTphl, KaK MPOJODKUTEIHHOCTh IIMKIIA
copOIuu/pereHepanuu, TeKCTypy ajacopoerTa. CKIIaapBaeTCsl CUTyalus, KOrJa OJHO ypaBHEHHE
OIMUCBIBACT OJHY OKCICPUMCHTAJIBHYIO KPHUBYIO MU HE MOXCET OBITH IMPUMCHCHO IIPpH HW3MCHCHUH

YCHOBI/Iﬁ 9KCIICPUMCHTA.

B nannoif pabore Hamu Oblia pa3zpaboTaHa MoOJIENb, KOTOpash YUYHUTHIBAET MOP(OIOTHIo
MCXO/HOTO COpOEHTa, KWHETUKY MOTJIOMIEHHs YIJIEKUCIIOTo ra3a B LUKJIaX COpOLUu/pereHepanuu
IpU pa3HbIX Temneparypax. Hipke npuBenem kpatkoe onucanue mojenu. Mcxoanas cuctema
MpescTaBiIsuia coOOM ciay4yailHyl0 YNaKoOBKY IIApoB, MOPUCTOCTh M pa3Mep YacTUIl KOTOPOH
COOTBETCTBYET 3KCIIEpUMEHTaNbHOM [6]. [laniee MonenupoBaics pocT paauyca apoB BO BpEMEHU

— YeMy B peajbHOCTH cOOTBeTCTBYeT pocT ciost CaCOs; na moepxHoctu CaO B pesynbTare



TOMOXUMHUYECKOH peaknuu. CIeKaHWe CHUCTEMBl MOJEIHMPOBAJIOCh KaK COJNMKCHHWE IIapoOB B
yrmakoBKe. V3 MpakTUKH U3BECTHO, YTO YBEIUYCHHE MPOJAODKUTEIHLHOCTH BpemeHu copboiuu CO,
(T.e. TONIIMHBI CJIOS HAPOCIIEro KapOOHATa KallbLlUs) YCKOPSIET CIIEKaHHE CHCTEMBI. JTO OBLIO
VUTCHO B ypaBHCHHUHU COJIMKECHHS 4YaCTHUI], KOTOpOE OBLIO PEHICHO Ui CHCTEMBI JBYX YacTHUI[ U
pacrpoCcTpaHEHO Ha BCIO CHCTEMY IIapoOB CIYYallHOW YNakoOBKU. KTepalioHHOE pelieHue
YpaBHCHHUA IIO3BOJIMJIO TIOJYYUTH XAPAKTCPUCTUKHU C6JII/I)KGHI/I$I mapoB, JaJiecC pacCuuTaTb
yIIeIbHYI0 TOBEPXHOCTh 00pas3ia M OINpEee/IUTh 3HAYEHUE JUHAMHUYECKOW €MKOCTH COpOeHTa B
nukiax. M3 pucyHka 3 BHIHO, YTO CO3JaHHAsh MOJENb TMO3BOJSET IMPEICKA3bIBaTh IMOBEICHHE

CHCTEMBI C BBICOKOH JOCTOBCPHOCTBIO AK€ IIPHU HM3MCHCHHH IIPOAOIKUTCIBHOCTU CTaI[I/Iﬁ

OKCIICPUMCHTA.
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Puc. 3 Iunamuueckas emkocTs 1o CO;, copbeHTa B uKiIax (CHH., KpacH. - SKCIIEPUMEHT; YEpH.,
3€JIEH. - MO/IEIb).
ITonpobHoe onucaHue pa3pabOTaHHOW MaTeMaTHMYeCKOW MOJAETH MPUBEICHO B IOJATOTOBJIEHHON

MyOIMKAIUY, TPUIOKEHHON K UTOTOBOMY OTYETY.
OcHoOBHBIE BBIBO/bI

1. TemmnaTHeIA METOJ CHHTE3a TO3BOJIAET HAmpsAMyl  (OpPMHUpPOBATH  3aJlaHHYIO
MAaKpOIIOPUCTYIO CTPYKTYPY MaTepuaa.

2. Pa3Buras mopucTas CTPyKTypa MO3BOJIIET OOECHEUUTh BBICOKYIO CKOPOCTH JECOpOIHH
JTMOKCHUJIA YTIIepo/ia COpOSHTAMHU, UTO SBISIETCS BAXKHBIM (PAaKTOPOM TSI UX MPAKTHIECKOTO
MPUMEHEHUS.

3. CopOeHTbl, MPUTOTOBICHHBIE C MCIOJIB30BaHUEM TeMILIaTa, o0nanamu Oonbinei u Oonee
CTaOWUIBHOW BETUYMHOM  COpPOLMOHHONW JMHAMHUYECKOM EMKOCTH IO CpPaBHEHUIO C

oOpasmamu, MPUroTOBICHHBIMU O€3 TeMILIaTa.



. bpina pa3paborana maTemaTuueckas MOJAEIb, YUYUTHIBAIOIIAs TEKCTYPHbIE XapaKTEPUCTUKH

HCXO0aHOIro COp6€HTa, BJIMAHHUC KHHCTUKHW PpPCaKIUU Kap6OHI/I3aI_II/II/I N IO3BOJIAIOIIAA
IMPOrHO3UPOBATH 3HAYCHUC HHHaMquCKOﬁ CMKOCTH M TCKCTYPHBIX XaPaKTCPHUCTHUK

copOeHTa B IUKJIaX COpOIMU/pereHepauu pa3Hoi IpoA0IKUTEIbHOCTH.

. Hpoz[enaHHa;I pa60Ta IIO3BOJIMJIIa IIOATBEPAUTE IICPCIECKTHBHOCTDH BBI6paHHOfI TCMBI

HCCIICIOBAaHUM U MOCIYXKUT OCHOBAHUCM IJIA MOCJICAYIOIIUX pa60T Mo MOACIIMPOBAHUIO U

CHHTE3Y HOBBIX MaTEpUAJIOB B Oy IyLIEM.
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A polymeric template consisting of polystyrene microbeads was used to provide the macroporous
structure of synthesized CaO-based sorbents. It was found that the pore size distribution of prepared and
calcined sorbents drastically depends on the amount and particle size of the template used, as well as on
the sorbent preparation conditions. The macroporous structure formed after the template removal
significantly increases the rate of both recarbonation and decomposition reactions. The decomposition

rate of the sorbent produced from a 40% templated composite was an order of magnitude higher than the

Keywords:

Carbon capture
Calcium oxide
Template

Porous structure
Regenerable sorbent

rate of a reference sample produced in the absence of the template. In this way, the template approach
seems to be a perspective technique to prepare CaO-based sorbents with enhanced recarbonation/
decomposition performance.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Emission of large amounts of CO; to the atmosphere, mostly as a
by-product of burning fossil fuels in man-made processes, signifi-
cantly contributes to the climate change [1,2]. The need to move
toward a sustainable energy future motivates the search for new
technologies to meet the ever-growing world energy demand. One
of the options for reducing greenhouse gas emissions is the CO,
capture and storage from large stationary sources [3—5] and during
biomass gasification [6,7] by means of solid sorbents. Some studies
on this topic suggest the use of calcium-based sorbents for the
effective capture of CO, at high temperatures based on the
reversibility of the reaction [8—11]:

Ca0 + CO, <> CaCOs.

CaO-based sorbents exhibit nearly stoichiometric sorption ca-
pacity for CO, [12,13]. However, the major challenge is to overcome

* Corresponding author. Boreskov Institute of Catalysis, Pr. Lavrentieva 5,
Novosibirsk 630090, Russia.
E-mail address: derevshchikov@mail.ru (V. Derevschikov).

http://dx.doi.org/10.1016/j.micromeso0.2016.02.032
1387-1811/© 2016 Elsevier Inc. All rights reserved.

the loss of sorption capacity during the recarbonation
—decomposition cyclic reaction because of the sorbent sintering
[14]. It is well known that textural properties of the sorbent dras-
tically affect its recarbonation/decomposition performance under
cyclic conditions of the CO, capture and biomass gasification
[15,16]. To date, several methods have been applied to modify the
porous structure of Ca-based sorbents: direct thermal decomposi-
tion of natural limestones [17] or Ca-containing salts and hydrox-
ides [18], a wet chemistry route [19], a sol—gel technique [20],
hydrolysis of calcium alkoxide precursors, and flame pyrolysis [21].
In all these cases, the porosity and pore size distribution were
substantially regulated by the chemical nature of precursors and by
synthesis conditions.

On the other hand, textural properties of Ca-based sorbents can
be precisely determined via a template approach, in which poly-
meric microspheres are used as a template [22]. In general, this
technique consists of two steps. At the first step, a template, which
is formed from microspheres with the definite shape and size, is
mixed with the sorbent precursor. At the second step, the precursor
is converted to a desired material, while the template is removed by
either calcination or extraction [23]. Textural properties of the
remained solid replica, such as the macropore size and the specific

Please cite this article in press as: V. Derevschikov, et al., Template technique for synthesis of CaO-based sorbents with designed macroporous
structure, Microporous and Mesoporous Materials (2016), http://dx.doi.org/10.1016/j.micromes0.2016.02.032
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pore volume, are determined by the portion and size of the tem-
plate. Thus, the template synthesis with nanocasting is a direct
technique for the design of materials with appropriate porosity and
pore size distribution.

In this work, we used a polystyrene (PS) template to create an
additional macroporosity and to design an appropriate pore size
distribution in CaO-based sorbents. The effect of the porous
structure on the CO, sorption performance of the synthesized CaO
sorbents during repetitive recarbonation/decomposition cycles was
investigated.

2. Experimental
2.1. Sample preparation

The PS templates were synthesized using an emulsifier-free
emulsion polymerization technique as described in Ref. [24]. The
temperature of the emulsion polymerization was 90 °C. PS spheres
with the average sizes of 800 nm or 180 nm were packed by
centrifugation at the relative acceleration of 1500. Obtained PS
templates were washed with ethanol and dried in air.

Ca0 was prepared from a micron-sized CaCO3 powder (99%
pure, “ReaChim”, Russia). The powder was calcined at 900 °C for 3 h
in a muffle furnace in air. The product was ground in a mortar. The
sorbents were prepared by careful mixing of definite amounts of
the CaO powder and the PS spheres with water and ethanol under
vigorous stirring with the subsequent grinding in a mortar to
prepare a paste suitable for an extrusion molding (Table 1). The
required amount of water was determined experimentally using
the following criteria: the mixture should be ductile enough to
enable extrusion at moderate pressures and hard enough to pro-
vide a constant shape of the extrudates. The paste was extruded
using a plunger extruder equipped with a 3-mm extrusion die. The
extrudates were cut into equal parts, and the obtained pellets were
calcined at 900 °C for 3 h in a muffle furnace and then cooled down
to room temperature in air.

2.2. Measurements

The alternate recarbonation and decomposition reactions were
experimentally studied in a thermogravimetric analyzer Netzsch
STA 449 C. About 40 mg of the sample was put in a Pt crucible and
heated at the rate of 10 K/min. The recarbonation/decomposition of
the sorbents was performed both in a pressure swing adsorption
(PSA) mode and in a temperature swing adsorption (TSA) mode. In
the PSA mode, both recarbonation and decomposition of the
samples were carried out at the same temperature of 740 °C, and
the switch between the reactions was provided by switching from
the mixture of CO; and argon to pure argon (maintaining the same
total flow rate). In the case of the TSA mode, the mixture of CO, and
argon was constantly fed to the analyzer chamber, and the switch
between the recarbonation and decomposition was provided by
changing the sample temperature from 700 to 1100 °C in a saw-
tooth manner. In both modes, the experiments were carried out
at atmospheric pressure and a total flow rate of 120—150 cm®/min.

Table 1

Composition of the paste before extrusion.
Sample Ca0, g PS template, g Water, ml Ethanol, ml
Ca0-0% 40 0 45 0
Ca0-20%PS800 nm 40 10.0 66 0
Ca0-40%PS800 nm 20 134 37 0
Ca0-20%PS180 nm 15 4.0 16 1
Ca0-40%PS180 nm 15 10.6 35 4

The flow rates were maintained with two mass flow controllers
(RRG-12 type, “ElTochPribor”, Russia). Both controllers were pre-
liminary calibrated using a soap film meter, and their stability was
routinely checked. The error of setting CO, concentration was less
than 5%. The dynamic sorption capacity (or total weight change in
one cycle) was determined as follows:

Mrec - Mreg* o,
e 100%, (1)

o

Weight change =

where M, is the sample weight at the end of the recarbonation
step, Mpeg is the sample weight at the end of the preceding
decomposition step, and My is the weight of the calcined sample.

The sorbents were also characterized using mercury intrusion
porosimetry (Micromeritics Autopore VI 2500), low temperature
nitrogen adsorption (BET) (Nova 1200e Surface Area and Pore Size
Analyzer), scanning electron microscopy (Jeol ]SM-6460 LV), and
powder X-ray diffraction (Thermo ARL X'TRA). The size of PS tem-
plate particles was determined by laser diffraction (Mastersizer
2000) and scanning electron microscopy.

3. Results and discussion
3.1. Template particle size determination

We assessed the size of template particles on the basis of the
data presented in Fig. 1. The size distribution of the PS particles for
both templates was uniform with maximums at 180 and 800 nm,
respectively.

3.2. Textural properties of the sorbents

The porous structure of the prepared sorbents was evaluated by
the mercury intrusion technique and by the low-temperature ni-
trogen adsorption (BET) method. Fig. 2 presents cumulative intru-
sion curves for two series of CaO sorbents obtained from the
templates with 180- and 800-nm microspheres. It should be noted
that the pore diameter determined from the applied pressure by
the Washburn equation refers to the size of the pore mouth. The
actual size of macropores is expected to be higher. As seen from
Fig. 2, the template approach resulted in a significant increase in
the specific pore volume of the CaO sorbent, which was in pro-
portion to the amount of the introduced template. Besides, Fig. 2
clearly demonstrates that the pore volume of the samples synthe-
sized with the addition of 180-nm spheres is higher than the pore
volume of the samples with the same amount of the template but
with the addition of 800-nm spheres.

Presumably, in the case of the 180-nm template, it was intro-
duced into the composite not in the form of separate spheres but in
the form of their aggregates. As a result, inner pores of the aggre-
gates, which were voids unfilled with calcium hydroxide during the
synthesis, could contribute to the additional pore volume of these
samples.

Fig. 3 shows that for the reference sample (i.e. for the sample
synthesized without the template), the maximum of mercury
intrusion corresponds to the pore sizes in the range of
100—300 nm. Besides, it is seen that the increase in the amount of
the added template leads to a significant shift of the maximum to
the higher pore sizes and in a considerable broadening of the dis-
tribution peak. These changes in the pore size distribution indicate
the sorbent sintering, which was probably a result of local over-
heating during the template burning.

The local overheating may also be responsible for the higher
crystallinity of the templated samples, which was observed by
means of the XRD analysis. Indeed, the width of corresponding
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Fig. 1. Laser diffraction data for the 180-nm PS template (a) and electron microscopy image of the 800-nm PS template.

o0 1,1
1,04 (a)
09
0,8
0,74
0,6
05
04
03]
0.2
0,1
0,0

Volume, cc/s

T
2000
Pressure, psia

T T T
0 500 1000 1500

El L] (b)

T
2000
Pressure, psia

T T T
0 500 1000 1500

Fig. 2. Mercury intrusion curves for the sorbents prepared using PS templates with two characteristic sizes: 800 nm (a) and 180 nm (b). The data are presented for different portions
of the PS template that was introduced to the CaO-PS composite: 0% (black), 20% (red) and 40% (blue). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 3. dV/dr-r plots calculated using mercury intrusion curves for sorbents produced with 800-nm (a) and 180-nm (b) templates. The data are presented for the different portions
of the PS template, which were introduced to the CaO-PS composite: 0% (black), 20% (red), and 40% (blue). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

diffraction peaks indicates that for the templated samples, the
coherent scattering domain (CSD) size started from 170 nm and
typically was more than 200 nm, while for the reference sample,
the CSD size was about 150 nm (Table 2).

We also compared the data on the pore volume obtained by
mercury porosimetry with simple numerical estimates (Table 2).
The upper limit for the pore volume of the templated samples can
be estimated as the sum of the specific volume of PS and the pore
volume of the reference CaO sample:

1 #y0,10
o WE%ps

100%
where pps = 1.04 g/cm? is the density of PS, and wt%ps is the weight
portion of PS. The estimates show that the addition of polystyrene
should increase the porosity, but the total pore volume would not
exceed 0.57 and 0.77 cm?/g for the samples with 20% and 40% of the
template, respectively. As seen from Table 2, the samples with the
800-nm template met these limits. In contrast, the samples with

+ Vmis (2)

Vpore max —
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Textural properties of the sorbents.
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Sample Pore volume, cm’/g Pore volume, cm?/g (mercury Porosity (mercury CSD size, Surface area, m?/g (mercury Surface area, m?/g
(estimated) porosimetry) porosimetry) nm porosimetry) (BET)

Ca0-0%PS 0.38 0.38 0.56 152 13 5

Ca0-20% 0.57 0.46 0.61 166 6 3
PS800 nm

Ca0-40% 0.77 0.71 0.70 >200 3 4
PS800 nm

Ca0-20% 0.57 0.62 0.67 >200 5 3
PS180 nm

Ca0-40% 0.77 0.95 0.76 >200 3 1
PS180 nm
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Fig. 4. TG curves during the isothermal segment at 740 °C of the CaO sorbents produced from the composites with 800 nm (a) and 180 nm (b) PS spheres with different portion of
the PS template: 0% (black), 20% (red) and 40% (blue). Partial pressure of CO, during the sorption step was 33 kPa, gas flow was 100 cm?/min, total pressure was 101 kPa. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the 180-nm template exhibited the pore volumes that exceeded
their estimated limits. As it was supposed above, the extra pore
volume could appear because of the inner pores of the PS sphere
aggregates, which were inaccessible for calcium hydroxide during
the component mixing.

3.3. Sorption properties

Sorption properties of all synthesized samples were measured
at 740 °C in the PSA mode. The isothermal segment of the tem-
perature program was long enough to complete approximately six
2-h cycles. All investigated samples showed a significant CO, up-
take (Fig. 4). At that, during the first recarbonation cycle, the
reference sample demonstrated the maximal weight change of
55 wt%, which corresponded to the 70%-conversion of calcium
oxide to carbonate. For the PS templated samples, the first-cycle
conversion varied from 28% to 64%. The lower recarbonation
extent demonstrated by the templated sorbents seems to be caused
by the increased size of CaO particles in these samples [25,26]
However, in the subsequent cycles, the higher recarbonation ex-
tents were observed namely for the templated samples.

To investigate the stability of the sorbents, their dynamic ca-
pacity was measured under conditions that are close to the real
conditions of the waste gas separation. The dynamic capacity was
measured in the TG experiments in the TSA mode. The rate of
heating/cooling was 20 K/min, and the partial pressure of CO, was
80 kPa during of the whole experiment (Fig. 5).

As seen from Fig. 5, the sorption capacity of the templated
sample significantly exceeds the capacity of the reference sample
after several cycles. A similar dependence was also observed for
lower temperatures, and it most likely seems to be due to the dif-
ference in the morphology of the samples.

It is known from the literature that typical depths of the CaCO3
surface layer over the unreacted CaO core change from 50 to
220 nm [27—29] for the wide range of experimental conditions (the
sorption times 5—20 min, the temperatures 650—800 °C). There-
fore, one should expect that the pores with the diameter less than
220 nm may be completely filled with the carbonate product [25].
In our experiments, this effect led to the smoothing of the external
surface of the sorbents and to reducing their surface area after the
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Fig. 5. TG curves of the CaO sorbents prepared without a template (blue) and with the
800-nm PS template (the portion of the template was 40%) (green). The partial CO,
pressure during the experiment was 80 kPa, the gas flow was 100 cm®/min, and the
total pressure was 101 kPa. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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recarbonation step (Fig. 6). Indeed, the SEM images show that pores
of the reference sample are almost totally filled with the product,
while a part of large transport macropores remain free in the
templated sorbent after a series of the recarbonation/decomposi-
tion cycles (Fig. 6).

The apparent difference in the pore structure resulted in the
striking difference in the decomposition rates of the sorbents
(Fig. 7). While the decomposition of the reference sample and CaO-
20% PS800 nm did not complete in 60 min, the other samples
totally decomposed during the decomposition step. The average
decomposition rate for the reference sample was about 0.3 wt
%/min for the first 30 min, while the highly porous templated
samples showed an order of magnitude higher decomposition
rates. The highest rate of 3.0 wt%/min was observed for Ca0-40%
180 nm.

It has been shown in Ref. [30] that at low CO, pressures, the
decomposition rate quickly decreases with an increase in the par-
ticle size. This indicates that the reaction is limited by CO, trans-
portation inside pores from the external particle surface. However,
an increase in the partial pressure of CO, during decomposition
results in a very rapid decrease in the decomposition rate. At

T 148D 10/ 35 81

28kU 18, 686

relatively high partial pressures of CO», i.e. at pressures close to the
equilibrium pressure over CaCOs, the rate becomes insensitive to
the particle size, indicating that decomposition becomes reaction-
rate-limited rather than diffusion-limited [30]. Taking into ac-
count that the pellets used in our experiments and the pellets used
in Ref. [30] were of a similar size, we may assume that the internal
pellet porosity accelerates the decomposition. It seems that higher
porosity provides better drainage of carbon dioxide from the core to
the external surface of a pellet, more effectively decreases the
partial pressure of CO, on the CaO/CaCOs3 surface and thereby in-
creases the decomposition rate.

In a porous solid with interconnected pathways, a gas molecule
may collide with another molecule or with pore walls. When the
gas pressure is high, molecule—molecule collisions dominate,
which situation is referred to as the Fickian regime. At the small
pore size, collisions between molecules and pore walls dominate,
which is called the Knudsen diffusion regime. When both mecha-
nisms are of importance, the combined diffusion coefficient D may
be written as a combination of the Fick (D) and Knudsen (Dyq)
diffusion coefficients [31]:

»

Fig. 6. SEM images of the fresh sorbents (left) and sorbents after several cycles and after 1-h recarbonation at 740 °C (right) with different portion of the 800-nm PS template: 0%
(top panels), 20% (middle panels) and 40% (bottom panels). The partial pressure of CO, during the sorption step was 33 kPa, the gas flow was 100 cm?/min, and the total pressure

was 101 kPa.
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Fig. 7. Decomposition rates of different sorbents during the 4th cycle. The samples
were produced from the composites with 800 nm (solid symbols) and 180 nm (open
symbols) PS spheres with different portions of the PS template: 0% (black), 20% (red),
and 40% (blue). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

1 1 1 1 1
D Dgnd  Drick dporelly ~ Allq (3)

where U is the mean velocity of CO, molecules, 1, is the mean
velocity of CO> molecules relative to the inert gas, dpore is a typical
pore diameter, and A is the mean free path. It follows from Eq. (2)
that in solids with small pores, the Knudsen diffusion is limiting.
Fig. 6 shows that after the recarbonation step, the templated
samples have much larger pores than the reference sample does.
These pores facilitate the CO, transport out of the grain during the
subsequent decomposition step.

The high pore volume may also contribute to the higher
decomposition rate. The sample porosity ¢ and tortuosity 7 of the
pores affect the effective diffusion coefficient Doy according to the
formula [31]:

Dyy = D2 (4)
T

After decomposition, the templated samples have the pore vol-
ume that is up to 2.5 times higher than that of the reference sorbent
(Table 2). The ratio of the pore volumes in the recarbonated samples
is even more in favor of the templated samples. According to the
skeleton model [25], the total volume of the sorbent grain does not
change after the skeleton formation. Using this assumption, one can
estimate the pore volume Ve rec after the recarbonation step from
the pore volume Vpgre,cao of the decomposed sorbent:

Cpg-xr + (1 —%r)

1
Vpore,CaO +—— = Vporerec +
PCa0 PCa0

(Cpg — 1) -xr
PCa0

(5)

Vpore,rec = Vpore,CaO -

where pc,o = 3.35 5 is the CaO bulk density, Cpp = 2.2 is the Pil-
ling—Bedworth ratio (molar volume ratio) for CaCO3 and CaO, and
xr is the recarbonation extent. Both templated and reference sor-
bents demonstrate similar recarbonation extents of about 60%.
Estimation by formula (5) yields Vpore,rec 0f 0.17 cm?/g and 0.74 cm?|
g for the reference sample and for Ca0-40%PS180 nm, respectively.
Thus, after the recarbonation step, the pore volume ratio for these
samples jumps to 4.5, which explains almost half of the observed
decomposition rate effect.

4. Conclusions

It has been shown that the template approach can be used as a
direct and apparent method for the formation of a porous structure
of CaO-based sorbents. The porosity that appeared in the sorbent
after the template burning is not equal to the initial volume of the
template and depends on the size and the amount of the template.
The recarbonation-decomposition properties of the synthesized
sorbents clearly demonstrate that the more developed porous
structure provides high rates of the carbon dioxide release, which is
crucial for practical applications. It has been also shown that the
dynamic sorption of the sorbents prepared with the template is
higher than the capacity of the sorbents prepared in the absence of
the template. Therefore, we suppose that the template synthesis
technique will be a perspective way to enhance the sorption ca-
pacity of CaO-based sorbents.

Acknowledgments

The authors are grateful to Dr. A.A. Sidelnikov for productive
discussion. The work was performed in the framework of the joint
Research and Educational Center for Energy Efficient Catalysis
(Novosibirsk State University, Boreskov Institute of Catalysis) under
partial support of RFBR (Research project No. 16-33-00436 mol_a).

References

[1] J. Wang, V. Manovic, Y. Wu, EJ. Anthony, Chem. Eng. Trans. 21 (2010)
643—648.
[2] V. Nikulshina, a. Steinfeld, Chem. Eng. J. 155 (2009) 867—873.
[3] HK. Park, M.\W. Bae, O.S. Yoon, S.G. Kim, Chem. Eng. ]. 195—196 (2012)
158—-164.
FE.N. Ridha, V. Manovic, Y. Wu, A. Macchi, EJ. Anthony, Int. J. Greenh. Gas.
Control 16 (2013) 21-28.
[5] J. Mastin, A. Aranda, J. Meyer, Energy Procedia 4 (2011) 1184—1191.
[6] N.H. Florin, A.T. Harris, Chem. Eng. Sci. 63 (2008) 287—-316.
[7] N.H. Florin, A.T. Harris, Energy Fuels 22 (2008) 2734—2742.
[8] J. Blamey, EJ. Anthony, J. Wang, P.S. Fennell, Prog. Energy Combust. Sci. 36
(2010) 260—279.
[9] M. Alonso, N. Rodriguez, B. Gonzdlez, G. Grasa, R. Murillo, J.C. Abanades, Int. J.
Greenh. Gas. Control 4 (2010) 167—173.
[10] J.C. Abanades, EJ. Anthony, J. Wang, J.E. Oakey, Environ. Sci. Technol. 39
(2005) 2861—2866.
[11] S.S.Kazi, A. Aranda, J. Meyer, J. Mastin, Energy Procedia 63 (2014) 2207—2215.
[12] M. V lyer, H. Gupta, B.B. Sakadjian, L.S. Fan, Ind. Eng. Chem. Res. 43 (2004)
3939-3947.
[13] H. Lu, P.G. Smirniotis, F.O. Ernst, S.E. Pratsinis, Chem. Eng. Sci. 64 (2009)
1936—1943.
[14] S.D. Angeli, C.S. Martavaltzi, A. a. Lemonidou, Fuel 127 (2014) 62—69.
[15] D.T. Beruto, A.W. Searcy, M.G. Kim, Thermochim. Acta 424 (2004) 99—109.
[16] F. Garcia-Labiano, a. Abad, L.F. de Diego, P. Gayan, J. Addnez, Chem. Eng. Sci. 57
(2002) 2381-2393.
[17] B.R. Stanmore, P. Gilot, Fuel Process. Technol. 86 (2005) 1707—1743.
[18] K.O. Albrecht, K.S. Wagenbach, J.A. Satrio, B.H. Shanks, T.D. Wheelock, Ind.
Eng. Chem. Res. 47 (2008) 7841—7848.
[19] C. Luo, Y. Zheng, Y. Xu, N. Ding, Q. Shen, C. Zheng, Chem. Eng. J. 267 (2015)
111-116.
[20] M. Broda, C.R. Miiller, Fuel 127 (2014) 94—100.
[21] L. Hong, A. Khan, S.E. Pratsinis, P.G. Smirniotis, Energy Fuels 23 (2009)
1093—-1100.
[22] B.T. Holland, C.F. Blanford, A. Stein, Sci. (80-. ) 281 (1998) 538—540.
[23] O. Sel, D. Kuang, M. Thommes, B. Smarsly, Langmuir 22 (2006) 2311—-2322.
[24] K.A.Sashkina, V.S. Labko, N. a. Rudina, V.N. Parmon, E.V. Parkhomchuk, ]. Catal.
299 (2013) 44-52.
[25] AL Lysikov, A.N. Salanov, A.G. Okunev, Ind. Eng. Chem. Res. 46 (2007)
4633—4638.
[26] P.Lan, S. Wu, Fuel 143 (2015) 9-15.
[27] A.G. Okunev, a. I. Lysikov, Russ. ]J. Appl. Chem. 84 (2011) 173—178.
[28] ].C. Abanades, D. Alvarez, Energy Fuels 17 (2003) 308—315.
[29] D. Alvarez, J.C. Abanades, Energy Fuels 19 (2005) 270—278.
[30] A.G.Okunev, S.S. Nesterenko, a. I. Lysikov, Energy Fuels 22 (2008) 1911—-1916.
[31] G.K. Boreskov, Heterogeneous Catalysis, 1986. Nauka, Moscow.

[4

Please cite this article in press as: V. Derevschikov, et al., Template technique for synthesis of CaO-based sorbents with designed macroporous
structure, Microporous and Mesoporous Materials (2016), http://dx.doi.org/10.1016/j.micromes0.2016.02.032



http://refhub.elsevier.com/S1387-1811(16)30007-5/sref1
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref1
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref1
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref2
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref2
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref3
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref3
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref3
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref3
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref4
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref4
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref4
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref5
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref5
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref6
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref6
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref7
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref7
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref8
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref8
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref8
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref9
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref9
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref9
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref9
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref10
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref10
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref10
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref11
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref11
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref12
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref12
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref12
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref13
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref13
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref13
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref14
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref14
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref15
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref15
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref16
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref16
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref16
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref16
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref16
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref17
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref17
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref18
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref18
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref18
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref19
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref19
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref19
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref20
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref20
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref21
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref21
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref21
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref22
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref22
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref23
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref23
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref24
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref24
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref24
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref25
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref25
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref25
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref26
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref26
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref27
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref27
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref28
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref28
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref29
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref29
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref30
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref30
http://refhub.elsevier.com/S1387-1811(16)30007-5/sref31

KMIIII-2015 /lepeswukos, Cemetikuna, Manbkoguu

Evolution of Textural Properties of CaO-based Sorbents during
Repetitive Sorption/Regeneration Cycles

Ya.V. Bazaikin 11 b , E.G. Malkovich t1, V.S. Derevschikov 1§, A.l Lysikov 1§ and A. G.
Okunev 1§

+ Novosibirsk State University, pr.Koptyuga 1, Novosibirsk 630090, Russia
$Sobolev Institute of Mathematics, pr.Koptyuga 4, Novosibirsk 630090, Russia
§ Boreskov Institute of Catalysis, pr.Lavrentieva 5, Novosibirsk 630090, Russia

b Faculty of Science, University of Hradec Kralove, Rokitanskeho 62, Hradec Kralove 50003, Czech
Republic

ABSTRACT

The evolution of sorptive and textural properties of CaO-based sorbents during repetitive
sorption/regeneration cycles has been mathematically modeled. The proposed model takes into account
the morphology of nascent CaO, sorbent sintering, and carbonation kinetics. The results show that the
model is in good agreement with experimental data for real sorbents and predicts well the dependence of
the recarbonation extent on the number and duration of the sorption/regeneration cycles.

1. INTRODUCTION

Emission of large amounts of CO; to the atmosphere, mostly as a by-product of burning fossil
fuels, sufficiently contributes to the climate change . The need to move toward a sustainable
energy future motivates the search for new technologies to meet the ever-growing world energy
demand. One of the options for reducing greenhouse gas emissions is the CO, capture and
storage from large stationary sources® and during biomass gasification by means of solid
sorbents’. Some studies on this topic suggest the use of calcium-based sorbents for the effective

capture of CO, at high temperatures based on the reversibility of the reaction °:
Ca0+C0,2CaCO0:s.

From a cost point-of-view, limestone should have a fairly obvious advantage *. However, the use
of natural calcium carbonates as regenerable sorbents of CO; is limited by the rapid decay of the
carbonation conversion with the number of carbonation/calcination cycles ?. Alvarez and
Abanades '° have shown that the recarbonation is far from being reversible in practice and the
main reasons for the CaO capacity decay are the sorbent sintering and pore blockage.

In order to describe the CaO capacity decay during repetitive sorption/regeneration cycles, a
number of semi-empirical equations have been proposed. Wang and Anthony'' derived an
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expression similar to that used for catalyst deactivation through sintering. They suggested that

the carbonation extent Xy is inversely proportional to the number N of cycles and tends to zero.

1

Xy = 1+kN (1)

where k is constant characterized the intensity of the sintering in cycles.
Grasa and Abanades'” modified this equation with X., —the recarbonation extent after an infinite
number of cycles — to account for the residual CaO capacity in a long series of recarbonation-

decomposition cycles:

1
Xy=—F——+X.(2)
T—x tkN

Lysikov and Okunev'"’ reported that the addition of the sintering exponent n (= 0.58)

significantly improves the agreement of the equation with experimental data.

[e)

Xy = ———or
N7+ kN

Although the proposed equations are in reasonable agreement with practice, it is important to

+ X (3)

take into account the role of textural characteristics of the sorbents (e.g., the surface area and
pore size) for a more detailed modeling and prediction of the sorbent performance '*.

Qualitatively the mechanism of textural transformations of CaO that may take place in the
cycling environment was described in " as follows (Figure 1). First, decomposition of original
CaCOs leads to the formation of smaller particles of CaO. Further, the freshly calcined sorbent
recarbonates incompletely because of the shrinking of the particles during the first
decomposition. In the following cycles, newly formed CaO grains grow and agglomerate. The
necks between adjacent CaO grains thicken and strengthen until they can withstand the
recarbonation stage. At the final step, the network of the interconnected CaO particles (a so-
called skeleton) is formed and ceases the subsequent sintering. After that, only the outer layer of
the skeleton recarbonates, while its internal CaO core is protected by the product CaCOs3 layer

and may be considered as a refractory support for the outer reactive CaO shell.
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Figure 1. Scheme of sorbent textural transformations. Reprinted (adapted), with permission,
from Ref. '*. Copyright 2007, American Chemical Society.
Bridging the gap between the qualitative and quantitative descriptions of the CaO sintering
mechanism seems to be an important step on the way to predict the behavior of some important
sorbent characteristics (such as sorption capacity, surface area, and pore distribution) during a
sorption/regeneration process.
Sun et al. in "> described the decay mechanism in terms of the sintering kinetics'® as a decrease

in the surface area and pore volume

ds ,
(5) =kG-s0@
sintering

where § is present surface area, S, is original surface area, and k; is sintering constant.

Another method to characterize porous materials is based on topological algorlthms This
method allows one to take into account the real geometric structure of porous materials and thus
to model their properties and processes'® (e.g., fluid transport, deformation, and sintering) on a
higher level of accuracy.

The present study had two objectives: first, using the novel topological approach in combination
with the sintering concept, to design a reliable model for the deactivation of CaO-based sorbents;
and second, to use this model to explore how reaction parameters (cycle duration, rates of
carbonation/decomposition reactions) and the porous structure of parent CaO affect the sorption

performance of CaO in recarbonation-decomposition cycles.

2. METHODS
Modeling for the carbonation/decomposition process of the CaO granule using its textural
characteristics.

Granule sintering model.



In the current study, we used experimental data of Lysikov et al. on the synthesis of
monodisperse (3.5-4.5 wm) calcium carbonate ' and on the sorption properties of the derivate
sorbent * as reference data for the model. It should be noted that the first decomposition of
initial monodisperse calcium carbonate leads to the formation of smaller, partially connected

grains of CaO (Figure 2).

Figure 2. SEM images of parent CaCOs (left) and derived CaO (right) after 2-hour calcination at
1100°C.

As clearly seen from Figure 2, the surface of formed calcium oxide represents a sintered

compact of sphere-like particles with necks between them. Therefore, a granule in our model

was simulated with the dense random packing of N spheres of the same radius in a cube with the

edge L using the Lubachevsky-Stillinger (LS) compression algorithm *. Work time of the LS

algorithm can be managed by the packing density p = V;/V., where V; and V, are volumes of the

grains and the cube, respectively. For large values of N, one can assume that

41 R3

P30 )
where R is a sphere radius. However, this formula is not exact because of the grains supported
along the walls of the cube (we call it the wall-effect). Therefore, we used a more precise variant:

_ Ik, v
P= Ziamp (6)

where V™ is the volume of the intersection of an i-th grain and a cube with the edge L — 2R and
with the same center as the initial cube. Porosity ¢ is one of the main characteristics of porous

media, and for the dense sphere packing, it can be estimated as € = 1 — p.

It is well known that the maximum density of the sphere packing is = 0.74 and it is achieved on
the face-centered cubic lattice. This statement is equivalent to the Kepler conjecture and now is
widely considered proven by T.C. Hales. Random packings can have different densities, but

usually porosity of the media simulated by random sphere packings maintains values 0.38 +
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0.02. The porosity of CaO granules found by the mercury porosimetry is &, = 0.38 mL/g, the

real density of CaO is p = 3.34 g/mL, so the non-dimensional porosity of CaO is

_ _ fpor
£= teyar ~ (0.559. (7)

An early stop of the LS algorithm can provide an appropriate porosity &, but it gives a too small
number of sphere contact points in the packing. Therefore, we proceeded as follows:
1) We modeled sufficiently dense random packing with porosity = 0.4 using the LS-algorithm.

2) We “threw out” a part of the grains to maintain the needed porosity.

H
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Figure 3. Volume (left) and free surface (right) of the set of spheres with radius .

Vertical lines correspond to r = R, i.e. to the radius of spheres in the dense

packing.

Let the sphere centers form the set P = {u;,i = 1, ...,N},0 < @; < L, the radius of each sphere
is R. Denote as V(r) the total volume of the spheres with centers in P and with radius r. The
function V(r) is shown in Fig. 3. We can see that the tangent of V(r) decreases after r > R,
i.e. after the moment when the spheres begin to intersect. Almost at the same moment, the free
surface begins to decrease. We suppose that in the sorption-regeneration cycle, the layer of
CaCOs grows from the surface of the grain in two directions —outside and inside the grain —
with thickness d each. Then, the volume of CaCOj; formed during the sorption stage is calculated
by
V=V(R+d)— V(R—-d)(8)



Figure 4. Different stages of sintering: u = 1 (initial example, left); u =

0.8 (center); u = 0.5 (right). Below: typical sectors of the appropriate

&

Figure 5. Sorption/regeneration stages of the grains sintering.

examples.

We suppose that the sintering of the CaO granule at high temperature causes an approach of
grain centers and a decrease in the linear size of the granule from L to uL. The coefficient u here
is the shrinkage factor, and this is the main parameter of sintering in our model. Fig. 4
demonstrates the stages of sintering for the different coefficients u. Fig. 5 depicts the stage of
forming the layer of CaCOs3 with the subsequent sintering. Thus, we have an initial set of sphere
centers P = P; and the volume function V(r). After the sintering, we will have the packing

with centers P = {uu;,i = 1,...,N} and with the same radii R. Let us denote the volume of the

spheres with radii r and with centers 5, as V, (). It is easy to check that

W) = 13V ©

The volume of CaCO; formed in one sorption/regeneration cycle for the sintered granule is

. (R+d , (R—d
8V, =u V<T)— u V(T> (10)



If the initial volume of CaO in the granule is V/, then the initial amount of CaO is

PCa0
Mcao an

V0=V0

where pc,0 1s real density of CaO and M, is its molar mass. If in a certain cycle, the sorption
of CO; resulted in the formation of a volume SVH of CaCOs, then the amount of CaO reacted in
that cycle is
v="1, Pcacos (12)
Mcacos

Consequently, the recarbonation extent is

(v (9 -v (559)

Vo

RE = A (13)

where

M
_ Pcacosz Mcao ~ 0.46 (14)

A
Pcao Mcacos

2. Dynamics of the shrinkage factor u in a repetitive sorption/regeneration process.
The layer of CaCOs; is growing while CaO reacts with CO,. We suppose that for a time ¢, the
layer of CaCO; grows in thickness d = d(t) inside and outside of each grain and can be
described as a spherical layer R —d < r < R + d. During the adsorption, the thickness of the
carbonate layer increases. This hinders the diffusion of CO; through it, which in turn decelerates
the formation of the carbonate layer. Numerous works have been made to determine the kinetics
of CaO carbonation and to determine the rate of carbonate layer formation *'. In this work, we
consider the following time dependence of the layer formation:

d(t)" = D"t (15)
where D is the diffusion coefficient. **

2

Such dependence is typical of the reaction of solid with gas ** and is valid when the partial

pressure of CO; repeatedly exceeds the equilibrium 3

The sintering that takes place during the cycling and that changes the texture of the original
sorbent seems to occur by both lattice and surface diffusion mechanisms .

The lattice diffusion mechanism of the sintering is characterized by the shrinkage, i.e. by
reduction of the distance between the centers of sintered particles. In contrast, the surface
diffusion mechanism does not lead to the shrinkagezs.

During the shrinkage, the healing of small pores and the growth of large pores occur. As a result,

the average pore size increases and the total pore volume decreases. Because a similar behavior

was confirmed experimentally % in the current study, we used an assumption wherein the
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decrease in the sorbent recarbonation extent from cycle to cycle occurs only because of the
shrinkage.

Previously, Borgwardt *”®* has shown that the rate of a decrease in the CaO surface area (i.e. the
rate of sintering) significantly increases in the CO;-containing atmosphere even at the
temperatures above equilibrium for CaCO; formation. He explained this phenomenon with the
change in the sintering mechanism to a faster surface-like diffusion that is catalyzed by carbon
dioxide. In many later works (Grasa, Lysikov), it was shown that the sintering on the sorption
step proceeds much more intensely than it does on the regeneration step at the same temperature.
The strong difference in the Tamman temperatures for carbonate and oxide indirectly confirms
the higher mobility of ions in the CaCOjs crystal lattice compared with that in CaO, thus the mass
transfer rate in carbonate is faster than that in oxide under the same conditions.

The grains begin to sinter during the sorption because the growing layer of CaCOs has high
mobility. First, we consider a pair of grains in the sorption process as intersected spheres of radii
R with the distance between their centers 21 < 2R (Fig.6). The contact area between the spheres
is a circle of radius x, where x? = R? — [? (Fig.6). We will ignore the deformation of the grains
during the sorption. Unreacted CaO fills the spheres with radii R — d and with the same centers.
CaCOs, which appeared in the sorption process, forms the layer of the thickness 2d. The
sorption proceeds at the temperatures 750-850°C, which provides the mobility of the CaCOs;

layer but prevents the sintering of unreacted CaO.

Figure 6. Sintering of two grains.

Because of its mobility, the layer of CaCOs tends to decrease in volume. The energy of the
system is consumed for a decreasing of the distance between the centers (there appears a force F
that squeezes the grains to each other) and for a resistance of non-reacted CaO grains to smash
each other. If the force F does not produce a pressure greater than the ultimate tensile strength,

then the centers do not approach. After achieving the critical thickness of the layer, the plasticity



in the contact zone appears and the grains begin to get closer. We will suppose that the force F is
proportional to the surface tension (~ R) and the layer thickness (~ d). Thus,
F = aRd (16)

where coefficient « is the specific volume energy of the CaCOs layer.

In the contact zone, the force F generates the normal tension equal to

F
g = m (17)

Centers begin to approach, if
0 2 00, F 2 F; = gp(x — d)? (18),
where o( and Fy are the critical values of tension and force respectively after achieving that the
coalescence of particles begins.
In the following process of grain approaching, the force is equal to F — Fy = 0, and the motion
of CaO is described by the Newton’s second law.
d*l
moz= —(F — Ff) = —aRd(t) + mo, (x — d)?(19)

where m is the mass of unreacted CaO in one grain. We will suppose also that d is small with
respect to R and x. By setting k? = ma,/m, w?* = a/(mwao,), we get

d’l 2(,,2 242

i —k“(w*Rd(t) — R +1¢) (20)
The assumption of smallness of d breaks in the very first moment of sintering when x is small
(or even vanishes) and the force F; does not act because CaO grains do not touch each other. In
this case, equation (19) still holds.
Let us consider the sequence of sorption/regeneration cycles with the sorption duration equal to

T. The initial distance between grain centers is 2l = 2R. (21)

Every next cycle will provide the grain approach starting at the moment when F = F; and until

1
the thickness of the CaCO; layer becomes dr = d(T) = DTn.(22) The critical distance
between centers is 2[,, for a given T and can be defined from the following identity
1
12 = R? — w?Rdy = R?> — w?RDTn (23)
Consider a k-th cycle, in the beginning of which the distance between centers equals 21. The

approach of the centers starts if F = Fy, so we can calculate the time t;, when the movement

2 _ 2\
tk=(R—l"> (24)

begins:

w?RD



The sequence [;, can be found from the following iterating sequence of Cauchy problems:

l, =R (25)
R2 —12\"
b = (wZRD) 26)
d’l 20,2 2 42
ok —k“(w*Rd(t) — R + 1?) (27)
dl
l(tx) = lkia(tk) =0 (28)

levr = U(T) (29)

Note that [, = [, if k = oco. In addition, we observe that the mass m can be considered as

depending on time t weakly for t, <t < T and in system (2) we can put Kk as a constant.

Nevertheless, as T changes, the coefficient k can change greatly, and actually k = k(T) (30)

If we consider the whole granule, we can assume that it shrinks only because of the approaching
of all pairs of contacting grains (we ignore small distortions of the granule), and the shrinkage

factor after the k-th cycle can be calculated as

Lk

be =5 B
Let us denote the non-dimensional parameter &§(t) = d(t)/R, which is such a part of a grain
layer that reacts during the sorption. The parameter p. = lo,/R is a limit shrinkage factor of the
sample. &7 = §(T) 32) is a part of maximal thickness of the CaCOj; layer with respect to grain
radius at predetermined T. We use the following iterative equations that allow one to average the
dynamics of p:

Ho=1 (33)

Heo =1 — w287 (34)

2
1—pu2 "
U1 = U — K2T?(uz — u2) <1 - <1 — M;{) ) (35)

Equation 35 allows one to estimate the recarbonation extent after the k-th cycle:

v (55 -v (55

RE, = A

(36)

Putting u, = ps, we obtain the stationary limit recarbonation extent of the CaO granulezs’zg.

3. RESULTS AND DISCUSSIOINS

Numerical experiment and real experiment.
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The first two experiments show the dependence of the recarbonation extent (RE) on two
parameters: duration T of the carbonation stage (which influences the thickness d of the CaCO;
layer) and the limit shrinkage factor u. Smaller values of u force smaller free surface areas of the
grain surface and smaller REs but may be compensated by longer carbonation duration, and vice

versa.

In the first experiment, we consider two samples of monodisperse CaO subjected to
carbonation/decomposition cycles with different durations of the carbonation stage T; = 7.5
min and T, = 30 min at the same temperature 800°C. The duration of the decomposition stage
was 30 min in all cases, which was sufficiently enough for entire decomposition of formed
calcium carbonate. According to our model of the CaCO; layer growth, we assume that
corresponding maximal thicknesses of the CaCO; layer relate as d, = 2d;. Varying all
parameters of the model under this assumption and utilizing the least squares method, we obtain
a prediction of the RE presented in Fig. 7. Because of the lack of experimental data on the
porosity of original CaO, we suppose that the CaO sample before the very first carbonation stage
may have additional pores, which influences the additional decay of the RE during a first few
cycles. To take this effect into account, we also vary the number of first cycles on which the
model is applicable. As we see, the longer carbonation time provides a higher RE, so the

thickness d in this case is more significant than the shrinkage factor.

11
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Figure 7. Recarbonation extent during carbonation/decomposition cycles with

different carbonation times (1) T; = 7.5 min and (2) T, = 30 min at the same

temperature 800°C. Large empty circles represent real experiment data; small filled

circles represent prediction of the model. The limit shrinkage factors and

percentage of the maximal thickness d with respect to the mean diameter of grains

are the following: (1) yu; = 0.88,8; = 7%, (2) u, = 0.80,6, = 11%.
In the second experiment, we begin with carbonation/decomposition cycles as described above
and replace carbonation times after a sufficient number of cycles (81-84 cycles) until the RE
becomes stable. This experiment demonstrates the influence of both the thickness and the
shrinkage factor on the RE. Before switching of the carbonation mode, we see that the RE for the
longer carbonation time T, = 30 min is higher than the RE for T; = 7.5 min, as discussed
above. After the switching, we see that the new RE of sample (1) becomes lower than the RE of
sample (2). Similarly, the RE of sample (2) after the change in carbonation time becomes higher
than the RE of sample (1). We explain this effect as follows. At the longer carbonation time, the
shrinkage factor is smaller (that is, longer T gives a more powerful sintering effect). Therefore,

at the same d, a smaller u gives a lower RE, and vice versa. This effect is presented in Fig. 8. At
12



the beginning of each phase after the switching of carbonation times, we see that the RE in the
prediction curves changes instantly, while the real experimental curves have a delay effect. We
can explain this effect with the local rearrangement of the layer structure *° (for example,

because of additional microporosity of grains), which we do not take into account in our model.
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Figure 8. Recarbonation extent during carbonation/decomposition cycles with
different carbonation times (1) 7; = 7.5 min and (2) T, = 30 min at the same
temperature 800°C. After approximately 81-84 cycles, we switched T; and T),.
After 105-110 cycles, we switched carbonation times again. Large empty circles
represent real experiment data; small filled circles represent prediction of the
model. The limit shrinkage factors and percentage of the maximal thickness d
with respect to the mean diameter of grain are the following: (1) y; = 0.88,6; =
7%, (2) u, = 0.80,6, = 11%.
In the third experiment, we represent RE curves of the CaO granule with different
carbonation/decomposition temperatures and with the same cycle times. All parameters of the

13



model were varied independently. We see in Fig. 9 that higher temperatures provide smaller
shrinkage factors (and thus more intense sintering of grains), but the dependence of the thickness

d on temperature in our model is rather unclear.

Recarbonation extent

g 10 an an £ 50 a0 7o an an
Number of cycles

Figure 9. Recarbonation extent at different temperatures: (1) 750°C, u =
0.91; (2) 800°C, u = 0.89; (3) 822°C, u = 0.87; (4) 850°C, u = 0.75. Empty
circles represent real experiment data; filled circles represent prediction of the
model.

. 26,31,32
Several estimates

show that the thickness of the CaCOs; layer depends greatly on the
carbonation conditions and varies from 20 to 160 nm. Since the size of original CaO obtained
from the SEM micrograph (Figure 2) was 500-800 nm and the percentage of the maximal
thickness d with respect to the mean diameter of grains were 7% and 11%, respectively, the
effective thickness of the CaCOs layer is 35-90 nm. Thus, our model predicts the thickness d that

is comparable with experimental data.
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4. CONCLUSION

In this study, the mathematical model for the repetitive sorption/regeneration cycling of CaO-
based sorbent was proposed and tested. The obtained model takes into account the morphology
of nascent CaO, the influence of the sorbent sintering and carbonation kinetics on the sorbent
morphology and on the sorption capacity evolution in sorption/regeneration cycles. The structure
of the material was modeled with the dense random packing of spheres using the Lubachevsky-
Stillinger compression algorithm. The obtained resulted were compared with experimental data.
The sintering was modeled under the following assumptions: the sintering proceeds via the
lattice diffusion mechanism, and the sintering rate of CaCOs is higher than that of CaO. The
obtained model allows predicting well the dependence of textural changes and the recarbonation
extent on the number and duration of the sorption/regeneration cycles. The results show that the
model is in good agreement with experimental data on repetitive sorption/regeneration cycles of
real sorbents. A further improvement of the model, which would take in account the sorbent
morphology in more detail, the dependence of sintering of CaO and its reactivity with CO, on
temperatures and pressures, seems to be useful for making a universal model for determination

of the CaO-based sorbent properties under various reaction conditions.
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PerieH3us Ha UTOroBbIil OTUET «/[M3aliH BBICOKOTEMIIEPATYPHBIX pereHeprupyeMbiX COpPOEHTOB
C02>>

Pa3BUTBIN TeopeTHYeCKHH ammapat AJis ONMHCaHHs mpolecca crekanus yactul CaO moctaTodyHo
CJIOXKeH 1Jis ToHUMaHus1. Peub unér o popmynuposke 3anaun Komu, nuddepeHunanbHbiX ypaBHEHUH
U €€ UTEePALUOHHOIO peLIeHUS.

[Ipennonaraercsi, yto uactuusl CaO cro-
THBAIOTCS CHUJIAMH YNpye0e0 HAmsHCeHUs CIJos
CaCOs. Ilpu stom, Ha kaxayio udactuuy CaO
NeHUCTBYeT pe3ysabTHpylolias cuna F, KoTopas
MPUBOAMT B IBHXKEHHE YaCTHIy C YCKOPEHHEM,
corJlacHO BTOpoMy 3akKoHy HbioToHa. dTta camas
cHJia, CorylacHO paboTe aBTOPOB (BbIpaxkeHue 16)
eCTb:

F=aRd

rie «@ — Ko3(p(ULUEeHT, HAa3BaHHBIH yAeJbHOH
sHeprueil oo6béma. [lo cBoeMy cMmbicay 3Ta Be-
JUYMHA O3HAuaeT HEPrul0, 3alacéHHyl B pe-

3yJbTaTe CxKaThs. E& pasMepHOCTb, OYeBHJIHO, Figure 6. Sintering of two grains.
Iix/m3. Ilanee, R — K03(D(pULHEHT MOBEPXHOCT-

2
Horo HaTskenusi, JIk/M°. d — TonmuHa cnost,  Puc. 1: Mogesb crieKaHus nByx udactui CaO.

M. Kak npu stoMm mosiyuaercsi npaBUJbHAs pasMepHOCTb cUJbl? TyT siBHO TpeGyeTcss KOMMEHTapuH,
OTKYyZa ObLJIO MOJIyUEeHO 3TO BblpaK€HHE U KAKOB CMBICJ MlepeMeHHbIX.
YTBep:xkaaeTcs, 4To [ U3MeHsIeTCs COrJIaCHO BTOPOMY 3aKOHY HbloTOHA, M Mbl MMeeM ypaBHEHHe

nBrxkenust (20):
2

a2 —(F—Fp)
Ifle TOSIB/ISIETCSt TaK HasbiBaeMasi cuna Fy = 0g(x—d)?, 10 CMBIC/TY, CHJIa IOBEPXHOCTHOTO HAaTSXKEHHUs!
30HBI KOHTakTa 4acTull. C 3TOTO ypaBHEHHs NBHXKeHHs OepET Hadajio pa3BUTHIH B paboTe MaTema-
TUYECKHU amnmnapar.

B paGote nmaércs ccoiika Ha kHHry Suk-Joong L. Kang // Sintering. Densification, Grain
Growth, and Microstructure u kuury $1.E. l'erysuna «®Pusnka cnekanus». B nocienHe# ecTb TepMUH
«KaMUJJISIPHOE CXKaTHe KOHTAKTHPYIOUIMX UYACTHIl», OIHAKO, peub HAET, KaK WU 0XKHIAJ0Ch, O CJIH-
SIHUW KareJjb, a He TBepAbIX uacTull. [duddepeHunanbHoe ypaBHEHHe CMeKaHHsl B TOH (opme, UTO
npenJioXKeHa aBTOPaMHU, He BCTpedaeTcsl B LIUTHPOBAHHOH JuTepaType. Ecau 3To He Tak — XOpOILO,
MOKAXKUTe Te MeCTa B KHHIaX.

B oTuéTe He oTpaxKeHbl XapaKTepHble MacChl, pa3Mepbl UacTHI U BpeMeHa crekaHusi. OTKyna
B3SITHl UMCJeHHble 3HaueHHs KodpduureHToB. PasmepHocTtu. [IpocTo Kyda Qopmyn v Kak KpOJIHK
M3 IJIANE (POKYCHUKA — HeKHH pe3ysbTaT. KauecTBO BbIMOJHEHHWS OCHOBHOW 3ajayM MpoekTa (HO-
Mep 2 aHHoTauuu: «Ha 6ase skcrnepuMeHTaNbHBIX AaHHBIX MOCTPOUTH aIeKBAaTHYIO MaTeMaTHUeCKYIo
MOJIeJIb TIPOLIECCOB COPOLUH — pereHepallud B MOPUCTOH CPeJie..»,) MOXKHO MOCTABUTh MOJ COMHEHHE.
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