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B ycnoBusix pocta notpebiieHus: HCKOMAeMbIX TOIUIMB U 00€CIIOKOEHHOCTH MUPOBOTO COOOIIECTBA
pactymumu  BbiOpocamu HapHUKOBBIX Ta30B (CO;) MPUOPUTETHBIM HANpPaBICHUEM Pa3BUTHS
SHEPTeTUKHU SIBJSIETCS PALMOHAIBHOE MCIOJIB30BAHUE SHEPIOPECYPCOB M PA3BUTUE TEXHOJOTHUH,
HallpaBJICHHBIX HA OrPAaHUYEHHE OHOMHUCCHM YIJIEKHCIOro rasa. Ha cerogHsmHuii JeHb
perenepupyembie copoeHTsl CO, Ha OCHOBE OKCHIA KalblMsl PacCMaTPUBAIOTCS B KadecTBe
MEePCIEKTUBHBIX MAaTEPUAJIOB JIsl CBSI3bIBAHUS TUOKCHAA YIJIEPO/Ia B IPOLIECCAX OUMCTKU JBIMOBBIX
ra3oB asekrpoctanuuid, TOLl u nmpoueccax razuduranuyu 6HOMACChI C IETbI0 MOTYYSHUs BOAOPOIa
JUTST TOINIMBHEIX 3J1eMeHTOB [1].
OcHoBHOI TpoOsIeMOl ucToyib30BaHus copOeHTOB CO, sABISETCA YMEHBIICHUE MX COPOIMOHHOM
€MKOCTH B IIUKIAX COpOIUs/pereHepannuns, MPOUCXOMAsIIee B IEPBYID OYEpeqh BCIEICTBUE
criekaHusi. M3BECTHO, UTO TEKCTYPHBIE CBOMCTBA NOTJIOTUTENICH CYIIECTBEHHO BIUAKOT KaK Ha
BEJIMYMHY, TaK U Ha CTaOWMIBLHOCTH COPOIIMOHHOW €MKOCTH B IMKJIAX copOumm pereHepanuu [2].
Jlist mosrydeHus: o0pas3ioB copOeHToB Ha ocHoBe CaO C pa3jauvHOW TOPUCTON CTPYKTYpOM
WCIIONB3YIOT PsII METOAOB IMPUTOTOBJICHUS: NPSIMOE TEPMHUUYECKOE PpA3JIOKEHUE MPUPOJIHBIX
n3BecTHAKOB, Ca-colepikalux cojJedl M THAPOKCUIOB, «MOKPBIE» METOJIUKH, B KOTOPBIX
OCaXJAIOTCSI YaCTHIIbl MPEIIIECTBEHHUKA OMNPEIEICHHBIX pa3MepoB U (QOpM, 30Jb-T€ldb METOJ,
TUAPONIU3 aJKOCHAOB Kallbliud M IUIaMEHHBIM mnuponu3. B ykazaHHBIX cmocobax TeKcTypa
MOTJIOTUTEISI PETYJIUPYETCS B OCHOBHOM XUMHMUYECKOW MPUPOAON MPEIIIECTBEHHUKOB U YCIOBUSIMU
cuHTesa [3].
B nocnennue nBa necATHneTHs aKTUBHOE PAa3BUTHE MOJYYMII MOAXOJ K CHHTE3y KEPaAMHUYECKUX
MaTepUajoB M KaTalu3aTopoB, B KOTOPOM B oOpasell Ajs MopooOpa3oBaHUs BBOJUTCS TEMIUIAT C
3alaHHBIMH (OpMOIi B pazmepom uacTtull. [locne dhopMupoBaHusi U1 OTBEPACHUS TPAHYIT YACTHUIIBI
TEeMIUIaTa YAAISIOTCS, B Pe3yIbTaTe 4ero oopaser npuodperaet TpedyeMyro OPUCTYIO CTPYKTYPY,
C 3aJJaHHBIM pa3MepPOM U 00beMoM Top [4].
Mpb1 monaraeMm, YTO TEMIUIATHBIM MOIXOJ TO3BOJIMT co3naTh copOeHThl CO; ¢ OnTUMaIbHOMN
MTOPUCTON CTPYKTYPOH, CIIOCOOHOM 00ECTIEYUT BHICOKUE IKCIUTYaTalIHOHHBIC XapaKTePUCTHKH.
B memsx onTtuMu3anud  TOPUCTOW  CTPYKTYpHI OYIET HCIOJNB30BAHO MAaTeMaTHYeCKOoe

MOJIETTMPOBAHKNE, OCHOBAHHOE Ha METO/IaX BBIUUCIUTEIHLHON TOMOJIOTUH [S].



Hean padoTsl
OCHOBHOI>'I IICIBIO paGOTBI ABIIACTCA L[eJIeHaHpaBHeHHBIﬁ CHUHTEC3 HOBBIX BBICOKOTGMHGpaTypHBIX
copbenToB CO,, 001aa0MMX BEICOKOW U CTAOMIBHON COPOIMOHHON €MKOCThIO, U MEXaHHUYECKOM
MMPOYHOCTHI0. B pamkax paboThl IJIAHUPYETCS MCCIIENOBAaTh MEPCIEKTHUBBI TEMIIATHOTO METOja
CHHTE32 Ul IPUTOTOBJICHUS COPOEHTOB U Jp. MOPUCTHIX MAaTEPHAIIOB M MPOBEPUTH IPUMEHUMOCTh

COBPCMCHHBIX MCTOJ0B MOACIINPOBAHUA AJId pacucTa COp6LII/IOHHBIX CBOMCTB MOTJIOTUTEIICH.

Pe3yabTaThl BHINOJTHEHHS PA0OT MO MEPBOMY JTaIly MPOEKTA

B pamkax mepBoro srtama IJIAHUPOBAJIM MPOBECTH CHUHTE3 MAPTHUH MACCHUBHBIX XEMOCOPOCHTOB
JIMOKCHIa yriiepoia Ha ocHoBe uncToro CaO ¢ UCIOIb30BaHUEM TEMIUIATHOTO METO/A, U TIOJPOOHO
U3YYUTh MX TEKCTYpHble M COpPOLIMOHHBIE CcBOWCTBa. B pesynbrare mponenaHHod paboThl ObLIO
00HapyKEeHO, YTO TEeMILJIATHBIN MOAX0JT MOKET ObITh UCIOIH30BaH B KaYECTBE MPSMOT0 METOAA JIJIs
(dbopMUpOBaHHST TOPUCTONM CTPYKTYpPhl COPOCHTOB Ha OCHOBE OKcuaa Kanmblusa. DOyHKIus
MOPUCTOCTH, TOSIBIISIFONICHCS B COPOCHTE B PE3yNbTaTe BBKHTAHUS TEMIUIATHOTO areHTa 3aBHCHT
HE TOJIbKO OT 00beMa BHECEHHOT0 TEMIUIAaTa, HO U OT pa3Mepa UCXOJHBIX YaCTHUIl, U TeMIlepaTyphl
TepMooOpaboTku. [lokazaHo, 4TO B ciyyae yacTHI] TeMJjaTa ¢ pa3MepoM MeHee | MKM He yhaercs
MIPOBECTHU TUCIIEPTUPOBAHUE arJIOMEPATOB YACTHII A0 OTACIbHBIX YACTHI] OOBIYHBIMH MeTOJamMu. B
pe3ynbrate 00BeM IMOp W CPeJHHI pa3Mep IMOp, BO3HHUKAIOUIME B HOCHTENE IMPH BbDKUTAHHUH
TEMILIaTa, MPEBOCXOAST PaCUETHBII 00BEM MOp, pPACCUUTAHHBIM M3 TAaHHBIX 110 MACCE U MJIOTHOCTH
BHOCHMMOI0 TeMIuiata. B ciydae uwactun = 1 MKM mopHCTas CTpyKTypa HOpHUCTasi CTPYKTypa
copOeHTa TIPaKTUYECKH TIOJHOCTBIO CcOBMajgaer ¢ pacuyeTHod. CopOIMOHHBIE CBOWMCTBA
CUHTE3UPOBAHHBIX COPOCHTOB YETKO YKa3bIBAIOT HA TO, YTO OoJiee pa3BUTas MOPUCTAsi CTPYKTypa
MO3BOJISIET obecneunTh 0oJjiee BBICOKYIO CKOPOCTH J1€COpPOLMHU JMOKCHIA YIIIepoaa COpOeHTaMH,
YTO SIBJISIETCS BAXKHBIM (DaKTOPOM I MTpaKkTuyeckoro npumeHeHusi. CopOeHThI, MPUTOTOBJICHHBIE C
WCIIOIB30BaHUEM TeMIlIaTa, objaganu OoyblIei u 0osiee CTaOMIBLHON BEIMYMHOW COPOIIMOHHOMN
€MKOCTH 4YeM COPOEHTHI, TOTy4eHHBbIE OeCTEeMIUTaTHBIM crocoboM. CreayeT OTMETHTh, YTO B
pe3yabTare paboThl IO MEPBOMY 3Tamy ObUIa MOATOTOBJIEHA MyOJMKaIUs, B KOTOPOH MOIPOOHO
ONMCaH CHHTE3 HOBBIX COPOEHTOB, MPUBENEHBI MOJIYYEHHBIE JaHHBIE MO UX (U3UKO-XUMHUYECKUM
CBOMCTBaM M 00OCYKJEHBI MOJTyYeHHbIE Pe3yNbTaThl. [I[pocuM >k10py KOHKYpca UCIOIb30BaTh TEKCT
CTaThH B KQ4eCTBE MOPOOHOr0 OTYETA IO TIEPBOMY dTaIy MPOEKTA.

Taxum 0Opa3oM, paboTHI IO IEPBOMY 3TAIly IMPOEKTA BHIMOJIHEHBI OTHOCTHIO.



JeTaJbHBIM NJIAH M0 BBINIOJTHEHUIO BTOPOI0 U TPETHEro 3TAl0B MPOEKTA
B xone nanpHeiieir paboThl HaJ MPOSKTOM TUTAHUPYETCS:
2 3ran. Ha 6a3e sKcriepuMEHTANbHBIX JaHHBIX MMOCTPOUTH aICKBATHYI0O MAaTEMaTHYECKYI0 MOJIEIb
MPOLIECCOB COPOLIMU — pereHepary cOpOeHTOB, UCIIOJIb3Ys aITOPUTMBI INTIOTHBIX YIAKOBOK IIapOB.
Hammcarp B MareMaTWyeckMxX IakeTax MOpOrpaMMy, CHMYJIHMPYIOIIYIO IOPUCTYIO Cpeny,
COCTaBJIEHHYIO U3 IJIOTHO YIIAKOBAaHHBIX IIAPOB MAJIOT0 paguyca (MM cooTBEeTCTBYIOT 3epHa CaO) n
mapoB OOJIBIIOrO panumyca (MM COOTBETCTBYIOT BBDKHTaeMble IMIAPHKHU monucTtupoia). IIporece
coporun CO, OymeT MOJENMpOBaThCS KaK YBEIMYCHHE PaJdyCcOB Majbix mapoB. [IpoBectn
MOACYET TEOMETPUYECKUX M TONOJIOTMYECKUX XAPAKTEPUCTHK CpeAbl M HAWTU ONTHUMAJIbHBIE
napameTpsl Kapkaca copoeHTa Ha 0aze Mozeny, 00eCTIeYBAaIOIIMEe HAMTYYIINe YKCIUTyaTalliOHHBIE
XapaKTEPUCTUKHU.
3 3sran. C uUCHOJB30BaHUEM JAHHBIX MAaTEMaTUYECKOTO MOJEIMPOBAHUS NIPOBECTH CHUHTE3
MAacCHUBHBIX M HaHECEHHBIX HAa WHEPTHbIE HOCHUTEIM COPOEHTOB, MOPHUCTasl CTPYKTypa KOTOPBIX
chopMUpOBaHA TEMIUIATHBIM CIOCOOOM. M3y4nTh BIUSHUE pa3MepoB W (POpPMBI TEMILIATOB Ha
copOLMOHHBIE CBOMcTBA cOpOeHTOB. CHHTE3UPOBATh HOBBIE MACCUBHBIC U HAaHECEHHBIE COPOEHTHI
CO; ¢ ucnonapb30BaHMEM TEMIUIATHBIX areHTOB pa3HOil pa3MepoB U (OPMBI, U MATPUL-UHEPTHBIX
HOCHUTEJICH pa3IMuHON XMUMHUYECKOW mpupoxabl. s GopMupoBaHuUs MOPUCTONH CTPYKTYphI OyAeT
WCIIOIb30BaH TEMIUIATHBIA MOJIX0JI, ONTUMAJIbHBINA pa3Mep U COAEp>KaHWE TEMIUIATHOTO areHTa B
obpasuax OyaeT onpeaensThes ¢ UCIOJIb30BaHHEM JAHHBIX MaTEMaTHYECKOT0 MOJICTUPOBAHMSL.
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Abstract

Polymeric template consisting of polystyrene microbeads was used as macroporous structure
directing agent for synthesis of CaO-based sorbents. 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 results in significantly increased rate of both carbonation and calcination
reactions. The calcination rate of the sorbent, produced from 40% templated composite, was
order of magnitude higher in comparison with the reference sample, produced in the absence

of the template. In this way template approach seems to be a perspective technique to prepare
the CaO-based sorbents with enhanced carbonation/calcination performance.

1. Introduction

Emission of large amount of COx to the atmosphere, mostly as a by-product of burning fossil fuels
in man-made processes, makes contribution to the climate change [1][2]. The need to move
towards a sustainable energy future motivates searching of new technologies to meet the ever-
growing world energy demand. One of the options for reducing greenhouse gas emissions is CO2
capture and storage from the large stationary sources [3][4,5], as well as gasification of biomass
[6,7] by means of solid sorbents. Some studies on this topic suggest using calcium-based sorbents
for effective CO» capture from gases at high temperatures based on reversibility of the reaction

[81[91(10][11]:
Ca0+C0O2+CaCO0:s.

CaO-based sorbents exhibit a high stoichiometric reactive sorption capacity for CO> [12][13].
However, the major challenge is to overcome the loss of sorption capacity for the carbonation—
calcination cyclic reaction due to sorbent sintering [14]. It is well known that textural properties
drastically effect on sorption/regeneration performance of the sorbent during cycles under the

conditions of CO> capture process and biomass gasification [15][16]. Different methods were
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applied to vary and modify porous structure of Ca-based sorbent, such as direct thermal
decomposition of natural limestones [17], Ca-containing salts and hydroxide [18], wet chemistry
route [19], sol-gel technique [20], hydrolysis of calcium alkoxide precursors and flame pyrolysis
[21]. In cases mentioned above porosity and pore size distribution were substantially regulated by

chemical nature of precursors and synthesis conditions.

On the other hand, textural properties of Ca-based sorbents can be precisely defined in template
approach using the polymeric microspheres as a template [22]. In general this technique consists
of two steps. At the first step a template, formed from microspheres with definite shape and size,
is mixed with the sorbent precursor. At the second step the precursor is converted to the desired
material while the template is removed by calcination or extraction [23]. Textural properties of the
remained solid replica such as macropore size and specific pore volume are determined by the
portion and size of the template. Thus, template synthesis with nanocasting is a direct technique
for design of materials with appropriate porosity and pore size distribution.
In this work, we used polystyrene template to create an additional macroporosity and to design an
appropriate pore size distribution in CaO-based sorbents. The effect of porous structure on the CO>
sorption performance of synthesized CaO sorbents during repetitive carbonation/regeneration

cycles was investigated.

2. Experimental

2.1. Sample preparation

Polystyrene templates were synthesized using emulsifier-free emulsion polymerization technique
as described in [24]. Emulsion polymerization temperature was 90 °C. Polystyrene (PS) spheres
with average size 800 nm and 180 nm were packed by centrifugation at relative acceleration of

1500. Obtained PS templates were washed by ethanol and dried in air.

The CaO was prepared from the micron sized CaCO3 powder (99% pure, ‘‘ReaChim’’, Russia).
The powder was calcined for 3h at 900 °C in a muffle oven in air. The product was ground in a
mortar. The sorbents were prepared by careful mixing of the definite amount of powders of CaO
and PS spheres with water and ethanol under vigorous stirring and grinding in mortar to prepare
the paste suitable for extrusion molding (Table 1). The required amount of water was determined
experimentally using the following criterium: the mixture should be ductile enough to enable
extrusion at moderate pressure; however, the small pieces of the paste have to keep their shape.
The paste was extruded using a plunger extruder equipped with a 3 mm extrusion die. Extrudates
were cut into equal parts, and obtained pellets were calcined for 3h at 900 °C and then cooled

down to room temperature in a muffle oven in air.



Table 1 Amount of the components for paste preparation before extrusion procedure.

Sample CaO, g PS template, g Water, Ethanol,
ml ml
Ca0-0% 40 0 45 0
Ca0-20%PS800nm 40 10.0 66 0
Ca0-40%PS800nm 20 13.4 37 0
Ca0-20%PS180nm 15 4.0 16 1
Ca0-40%PS180nm 15 10.6 35 4

2.2.Measurements

The cyclic carbonation and calcination reactions were experimentally studied in the
thermogravimetric analyzer Netzsch STA 449 C. About 40 mg of the sample were put in Pt
crucible and heated at the rate of 10 K/min. The temperature program included isothermal segment.
The dynamic capacity of the sorbents was measured at isothermal conditions using 60 min for both
carbonation and regeneration steps. During carbonation step a mixture of CO; and argon was fed
to the sample chamber at atmospheric pressure and total flow rate of 120-150 cm? /min using two
mass flow controllers (RRG-12 type, ‘‘ElTochPribor’’, Russia). Both controllers were calibrated
using soap film meter and their stability was routinely checked. The error of setting CO->
concentration was less than 5%. During the regeneration step only argon was purged at the flow
rate specified above. Dynamic sorption capacity was determined as a difference between the
sample weight at the end of recarbonation step and preceding regeneration step, normalized by 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 JSM-
6460 LV) and powder X-ray diffraction (Thermo ARL X’TRA) analyses. The size of polystyrene
template particles was determined by means of 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 laser diffraction and scanning electron
microscopy data presented in Fig. 1. The size distribution of PS particles for both templates

was uniform with maximums at 180 and 800 nm, respectively.
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Fig. 1. Laser diffraction data for 180 nm-PS template (a) and electron microscopy image

of 800 nm-PS template.

3.2.Textural properties of the sorbents

The porous structure of the prepared sorbents was evaluated by means of mercury intrusion
technique and low temperature nitrogen adsorption (BET). Fig. 2 presents cumulative intrusion
curves for two series of CaO sorbents, obtained from the template with 180 and 800 nm sized
microspheres. It should be noted that pore diameter determined from the applied pressure by
Washburn equation refers to the size of the pore mouth. The actual size of macropores is expected
to be higher. One can see that template approach resulted in significant increase of the specific
pore volume of the CaO sorbent in proportion to the template amount introduced to the composite.
It is worth noting that the pore volume of the sample, originated from the 20% PS-CaO composite
with 180 nm spheres, is higher than that of the sample, obtained from the 20% PS-CaO composite
with 800 nm spheres. The same tendency is observed for 40% PS-CaO composites (Fig. 2).
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Fig. 2. Mercury intrusion curves for sorbents, prepared using two characteristic sizes of the PS
template: 800 nm (a) and 180nm (b). The data is presented for different portions of the PS template
that was introduced to CaO-PS composite: 0% (black), 20% (red) and 40% (blue).
Presumably, in the case of the 180 nm-template aggregates of the PS spheres were introduced to
the PS-CaO composite rather than individual spheres, surrounded by Ca(OH). As a result, inner
pores of spheres aggregates, unfilled with calcium hydroxide, contributed to the cumulative pore

volume.

Fig. 3 shows that for the reference sample the maximum of mercury intrusion corresponds to the
pore size range of 100-300 nm. Clearly visible shift of the maximum of pore size distribution to
the higher pore sizes and considerable broadening of the distribution peak took place as a result of
the increase in PS spheres content (Fig. 3). We may assume that local overheating produced during
template burning increased the extent of the sorbent sintering. It shifted the pore size distribution

curve to the right due to increasing of pore sizes at higher PS template content.



0.01

1E-3 5

dV/dr, cc/nm/g

1E-5 5

1E-7 5

(a)

1E-3

dV/dr, cc/nm/g

1E-4 5

1E-5 4

1E-6

1E-7 4

(b)

10

100

1000

10000

10

Diameter, nm

T T
100 1000

T
10000

Diameter, nm

Fig. 3. dV/dr-r plots calculated using mercury intrusion curvesfor sorbents produced with 800 nm

(a) and 180 nm (b) templates. The data is presented for different portion of the PS template, which
was introduced to CaO-PS composite: 0% (black), 20% (red), 30% (green) and 40% (blue).

Local overheating during burning of the templates may also be responsible for the higher

crystallinity of the templated samples, observed by means of XRD analysis. Corresponding

diffraction maxima width indicates that for the templated samples coherent scattering domain

(CSD) sizes started from 170 nm and typically was more than 200 nm, while for the reference CaO
sample CSD was about 150 nm (Table 2).

Table 2. Textural properties of the sorbents.

Sample Pore Pore volume, Porosity CSD | Surface Surface
volume, cm®/g (mercury size, | area, m%/g area,
cm’/g (mercury porosimetry) nm | (mercury m%/g
(estimated) | porosimetry) porosimetry) | (BET)

Ca0-0%PS 0.38 0.38 0.56 152 |13 5

CaO- 0.57 0.46 0.61 166 | 6 3

20%PS800nm

CaO- 0.77 0.71 0.70 >200 | 3 4

40%PS800nm

CaO- 0.57 0.62 0.67 >200 | 5 3

20%PS180nm

CaO- 0.77 0.95 0.76 >200 | 3 1

40%PS180nm




We also compared the template effect on cumulative pore volume of the sorbent with simple

numerical estimates (Table 2). In assumption that pore volume of the CaO produced without
template (Vi) is 0.38 ml/g, the upper limit of pore volume of templated samples can be estimated

as the sum of specific volume of polystyrene and pore volume of the reference CaO sample:

(pzlas*Wt%P S)
Vpore max — 100% + Vi, (1)

where pps = 1.04 g/cm? is the density of polystyrene, wt%ps- weight portion of polystyrene.

We anticipated that introducing of polystyrene spheres into the samples at 20% and 40% of sample
weight, would increase porosity, but total pore volume would not exceed 0.57 and 0.77 cm3/g,
respectively. The samples with 800 nm template met these limits. The 180 nm templated samples
exhibited the cumulative pore volumes which exceeded their estimated limits due to the shift and
broadening of the macropore size maximum (Fig. 3). As it was suggested above, the extra pore
volume could appear due to the inner porosity of the PS spheres aggregates, which was

inaccessible for calcium hydroxide during the components mixing.

3.3. Sorption properties

The sorption properties measurements for all synthesized samples were fulfilled at 740 °C for both
recarbonation and decomposition steps. The isothermal segment was long enough to complete
approximately six 2-hour-long cycles. All investigated samples showed a significant CaO uptake
during the first carbonation cycle (Fig. 4). The reference CaO sample demonstrated the maximal
weight change of 55 % wt. in the first cycle that corresponded to 70%-conversion of calcium oxide
to carbonate . Conversion varied from 28% to 64% for the PS templated samples. Decrease of
recarbonation extent in templated sorbents, in comparison with reference CaO, seems to be caused
by the increased size of CaO particles as compared to the reference sample [25,26] . SEM images
for fresh templated samples demonstrated well resolved terraces of CaO crystals, while the

reference sample surface appeared to be much less faceted (Fig. 5).
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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). CO, pressure during the sorption step 33 kPa, gas flow of
100 cm?/min, total pressure 101 kPa.
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Fig. 5. SEM images of the fresh sorbents CaO-0%PS (left) and CaO-40%PS180 nm (right)

Typical values of CaCOs surface layer over unreacted CaO core ranges from 50 to 220 nm [27],
[28][29] at sorption time of 5-20 min, temperature of 650 — 800 °C and CO» partial pressure below
1 atm. One should expect that pores with diameters no more than 220 nm may be completely filled
with the carbonate product [25]. This fenomena led to the smoothing of external surface of the
sorbents and reducing their surface area after carbonation step (Fig. 6). SEM images show that
pores of the reference sample were almost totally filled by the product, while a number of large
transport macropores remained free in the templated sorbent after series of carbonation/calcination

cycles (Fig. 6).
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Fig. 6. SEM images of the fresh sorbents (left) and sorbents after several cycle and 1 hour
carbonation at 740°C (right) with different portion of the 800 nm PS template: 0% (top panels),
20% (middle panels) and 40% (bottom panels). CO> pressure during the sorption step — 33 kPa,
gas flow — 100 cm*/min, total pressure 101 kPa.

Visible difference in pore structure resulted in striking difference in the calcination rates of the
sorbents (Fig. 7). While decomposition of the reference CaO and CaO-20%PS800nm was only
partially completed in 60 min, other samples decomposed completely during the calcination step.
Average rate of the reference sample calcination was about 0.3 %wt./min for the first 30 min,
while the highly porous templated samples showed order of magnitude higher decomposition rates.

The highest rate of 3.0 %wt./min was observed for Ca0-40%180 nm.
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Fig. 7. The decomposition rate curves of the sorbents on 4" cycle, produced from the composites
with 800 nm (solid symbols) and 180 nm (open symbols) PS spheres with different portion of the
PS template: 0% (black), 20% (red) and 40% (blue).

It was shown previously in [30] that at low CO; pressures the decarbonation rate had quickly
decreased with the increase in particle size. This indicates that the reaction is limited by CO2
transportation inside the particle pores or from the external particle surface. However, an increase
in partial CO> pressure during decomposition results in very rapid retardation of the decarbonation
rate. At relatively high partial CO; pressures close to the equilibrium pressure over CaCOs3 , the
rate becomes insensitive to the particle size, indicating that decarbonation becomes reaction rate
limited rather than diffusion limited [30]. Taking into account similar sizes of pellets used in the
experiments, we may assume that internal pellet porosity accelerates the decomposition reaction
rate. It seems that higher porosity provides better drainage of carbon dioxide from core to external
surface of pellet, more effectively decreases partial pressure of CO; on CaO/CaCO3 surface

thereby accelerates the decomposition reaction rate.

In a porous solid with interconnected pathways, a gas molecule may collide with another molecule
or with the pore walls. When the gas pressure is high, molecule-molecule collisions dominate,
which situation is referred to as a Fickian regime. At small pore size collisions dominate between
molecule and pore walls that is called Knudsen diffusion regime. When both mechanism are of
importance, the combined diffusion coefficient D may be written as a combination of Fick (Dg;¢)

and Knudsen (Dgp,,4) diffusion coefficients [31]:

%_ 1+1:3_<1 +1>’ )

Dgnud Drick dporeﬁl Allyo



where 1, is the mean of molecules velocity, u;, is the mean of molecules velocity relative to the
inert gas, dpore is the typical pore diameter and A is the mean free path. It follows from equation
(2) that in solids with small pore sizes Knudsen diffusion is limiting. One can see in Fig. 6 that
templated samples have much larger pores after recarbonation step than the reference sample.

These pores facilitate the CO> transport out of grain during the subsequent regeneration step.

High pore volume may also contribute to the higher decarbonation rate. Sample porosity ¢ and
tortuosity T of the pores affect the effective diffusion coefficient D,sr according to the formula

[31]:

Desp =D 3)

After calcination, templated samples have up to 2.5 times higher pore volume than the reference
sorbent (Table 2). The ratio of the pore volumes in recarbonated samples is even more in favor of
the templated samples. According to the skeleton model [25], total volume of the sorbent grain
conserves after skeleton formation. Using this assumption one can estimate the pore volume after

recarbonation step Vporerec from the pore volume of regenerated sorbent Vypore,cao:

1 Cpp* Xyr+(1—xy)
|4 +—=1 + =
pore,CaO pcao pore,rec pcao
(Cpp—1) Xy
v = — =PBT Y 4)
pore,rec pore,Ca0 pcao

where pcqao = 3.35 C‘% is the CaO bulk density, Cpp = 2.2 is the Pilling—Bedworth ratio (molar

volume ratio) for CaCO3 and CaO and x,. is the recarbonation extent. Both templated and reference
sorbents demonstrate similar recarbonation extent of about 60 %. Estimation by formula (4) yields
Voorexee Of 0.17 cm’/g and 0.74 cm?g for the reference and CaO-40%PS180nm samples,
respectively. Thus, after recarbonation step the pore volume ratio for these samples jumps to 4.5,

that explains almost half of the observed decarbonation rate effect.

4. Conclusions

It was shown that template approach can be used as the direct and apparent way for porous
structure formation of calcium oxide based sorbents. The porosity that appeared in the sorbent
after the template burning is not equal to the initial volume of the template and is more complicated
and depends on the size and quantity of the template. The carbonation-decarbonation properties of
synthesized sorbents clearly demonstrate that more developed porous structure allows providing
high rates of carbon dioxide release, which is crucial for practical applications. It was also shown

that sorbents prepared with the template have higher sorption dynamic capacity than sorbent



prepared in absence of the template, so we suppose template synthesis technique will be a
perspective way to enhance sorption capacity of CaO-based sorbents.
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Peuensus Ha IPOMEKYTOYHBIH OTYET IO NPOEKTY «/IM3aiiH BLICOKOTEMIIEPATYPHBIX
perenepupyembix copoenToB COy»
HepesmukoBa Bnagumupa CepreeBuua, Cemerikunoit Buktopuu CepreeBusl, MabkoBruya EBrenus
I'ennanbpeBuya.

AKTyaJlbHOCTh HCCJIEIOBAHUN JIOCTATOYHO IIOJIHO ONKMCaHa AaBTOpaMU B AaHHOTAlMM U
MIPOMEKYTOUHOM OTYETE, IIOATOMY OCTAHABJIMBATHCS HA 3TOM He Oyny.

[Tonxon aBTOPOB K JOCTHKEHHUIO MOCTaBJICHHON MMM LEIH, C OJAHONH CTOPOHBI, JTOCTAaTOYHO
OpUTHHAJNIEH U BBIMISAUT 3PGEKTUBBIM. DPPEKTUBHOCTD 3/1€Ch 3aKII0YAECTCS B YMEHBIICHUH YHCIIa
HKCHEPUMEHTAIBHBIX MONBITOK Mpu moucke COr-copOeHTa ¢ ONTUMAIBHBIMU XapaKTEPUCTUKAMH 32
CUET alPHOPHOTO MCKIIIOUEHUS «HEKU3HECTIOCOOHBIX)» BapHAHTOB, UCIOJIB3YS CIEIUATbHO CO3JaHHOE
I10.

3a mepBbI ATan BBIIOJIHEHUS IPOEKTAa ABTOpPAMU CIeJlaHA HUMEHHO «IKCIEPUMEHTAIbHO-
SMIMpPUYECKAs» YacThb — IPOBeAEH TeMIUIaTHbI cuHTe3 CO,-COpOEHTOB C pa3IM4HOM 3arpy3kod u
pasmepom IICC (monmuctuponsHbix cdep). IlomyueHHble pe3yibTaThl, I[OATOTOBIEHHBIE K
myOJIMKalMy, MOXKHO TPHHATH B KAayecTBE IPOMEXKYTOYHOrO oT4eTa 1o mpoekry. [lo3Bomo cebe
CUUTATh (Ha ocHosanuu mozo ghaxma, umo npeonrazaemoe aemopamu 110 noxa umo He Hanucauo), 9To
BbIOOp 3arpy3ku u pazmepa [ICC BBIMONHSICS aBTOpaMu «HAyTraa». 3/1eCh U BOSHUKAET PSAJ] BOIIPOCOB,
COOCTBEHHO, K U3HAYAIbHON U/IEU MTPOEKTA.

Tak, aBTOpBI, KpOME BCEro Mpodero, mokasanu cymectBoBanue 3ddekra arperamum [1CC
Maioro pasmepa (180 um), u mpennonoxunu 3hdexT rgokampHOro neperpesa matpuibl CaO npu
BbDKUTaHUU chep. Oba manHbIX d(ddexTa MPUBOIMIN K OTKIOHEHHIO (POPMBI pacipeaesneHus mop mo
pasmepam oT Teoperudeckoro. Kakum obpazom aBTopbl npu Hanucanuu 110 OynyT yduuThIBaTh 3TH
3¢ dexTh?

Haubonee «mpo3paunblii» pe3ynbTaT, NOJIYYEHHBIM aBTOpPaMH, 3aKIOYaJCs B OTCYTCTBU
MIOJIHOTO  «3aJICUMBAaHUSA» MAaKpONOp B TEMIUIATHO-CUHTE3MPOBAHHBIX COpOEHTaX NpU HX
KapOOHATU3aIlMKM 0 CPaBHEHHUIO ¢ copOeHTaMM Ha ocHoBe yucroro CaO. DTO MPUBOAMIO K POCTY
ckopoctu BbIcBOOOXAeHUss CO, B mporecce pereHepauun. OpHako, B ciydae o0OpasIloB,
NPUrOTOBIIEHHBIX ¢ wucnoib3oBanueM 180 um IICC mpouecc pereHepauuu mpoTekan (B
MIPOTHBOIOJIOKHOCTh TEOPETUYECKOMY TPEJCKAa3aHNI0) OBICTpee 1O CPaBHEHHMIO C COpPOCHTaMH,
noiydyeHHbIMU ¢ ucnonb3oBaHueM 800 M IICC. IlpuumHa Takoro MmoBeAEHMs, HACKOJIBKO MOHSUI
PEIEeH3eHT, 3aKJItouanach, Kak pas3, B MaKporopax, mpucyTcTBytonmx B 180-HM oOpasiiax, OCTaBIINXCS
ot arperatoB 180-um IICC. Ilomyuaercs, uto Hanbosnee 3¢ (eKTUBHBIE COPOCHTHI OBLIM IMOTyYEHbI
«CITy4aitHO» 1O MPUYMHE HEXeNaTeNIbHOTO 3 deKTa arperaivu, KOTOpbIi 0Ka3aucs B KOHEYHOM UTOTre
nosie3HbIM. OTCrOJ@a CIENyeT OJMH Ba)KHBIM BBIBOJ, KOTOPBIH MOXHO CH€laTb, U HE IPHUMEHSA
CHEIMAJIbHBIX PAaCUYETHBIX MPOrPaMM — HYXKHO eme cuibHee yBenmnuuTh pazmep [ICC mo 2-5 MkwM,
Cyas 1o puc. 3.b nyOiaukammu.

Takum 0o0pa3om, mpu JaHHOM COCTOSHUM e, HamucaHue [1O He sBiseTcs 00sS3aTeTbHBIM
sTanoM paboTsl — [1O He yuuThIBaeT «11000YHBIX» FPPEKTOB arperalnu, KOTopble B, KOHEYHOM UTOTE
U JaI0T MaKCUMaJIbHYIO 3Q(PEKTUBHOCTH COPOEHTOB.

3/1ech MOXHO ITOCOBETOBaTh AaBTOPAM COCPEAOTOUYMTHCS Ha TEMIUIATHBIX COpOEHTax ¢
ucnions3zoBanueMm [ICC Gompiniero pasmepa, I KOTOPBIX JaHHBIE 1MOOOYHBIE (D(PEKTH (Komopvie
HEeNoHAMHO, KaK y4ecmsb NpocpAMMHO, 8epHee, NOHAMHO, HO MO COBEPUIEHHO OPY2oll KIACC 3a0ay No
CIIONHCHOCMU — C YYemOoM MeHOObEKMHbIX 83AUMOOCUCMBULl HECKOIbKUX MUN08, KOMOPblU MOicem
0Ka3amucs nPOCMo «HeNOObEMHBIM») MEHEE BBIPa)KEHBI.

Pestome: B a000M  ciaydyae, mNpoeKT ABJIAAETCS NOMCKOBbIM. Mcmoub3yemblil
IKCNEPUMEHTAIbHBIH MOAX0A [JaJ CBOHM pe3yJbTaThl — MOBBIMIEHHYI0 3((eKTHBHOCTH
TeMILUIATHBIX cOpOeHTOB. PMHAHCHPOBAHHE NMPOEKTA HYKHO NPOAOTKUTH. OIHAKO, COBETYIO
aBTOPaM cepbe3H0 MNOAYMATh Hac4YeT HeO0XOAMMOCTH HANMCAHHUSL JOCTATOYHO CJIOKHOM
nporpammbl. IToka 4To peneH3eHT «He yBHAeJN» KOHKpPeTHBIX 3aga4 mox 31o I1O0. Bo3moxHno,
OHM €CTh, HO M3 0TYeTa ITOr0 He cJeayeT.



OT3hbIB
Ha MPOMEKYTOUHBIN 0TUeT «Jl13aiiH BRICOKOTEMIIEpAaTypPHBIX pereHepupyemMbix copoeHToB COo»

HepesmukoBa Bnagumupa CepreeBuua, Cemeliknnoin Buktopun CepreeBHbl, MaibkoBHYa
EBrenus I'ennannesuya

Lenpto paboOThI SIBISETCS IEJCHANPABICHHBIM CHHTE3 HOBBIX BBICOKOTEMIIEPATYPHBIX
copoentoB CO,, oOmagaromux BBICOKOW U CTAOWJIBHOW COPOLIMOHHON E€MKOCThIO, U
MEXaHHYECKON TPOYHOCTHIO. PaboTa cocToWT M3 TpEX I3TANoB, B MPEJOCTABICHHOM OTUYETE
BBIMIOJIHEH | 3Tam, MOCBAMIEHHBIM CHUHTE3Y HAuYaJbHOM MAPTUU MACCHUBHBIX XEMOCOPOEHTOB
JTUOKCHJIA YIIIepoJia U U3YYCHHIO X TEKCTYPHBIX U COPOLIMOHHBIX CBOWCTB. HackoIbKO MOMXKHO
CyIuTh TO MpHJIaraeMoOd aBTOpaMU MyOJIMKAIMK, IMOATOTOBJICHHONW K TM€YaTH, pPe3yibTaThbl
MEPBOTO dTala BBIMOJIHEHBI TOJHOCTBIO, SBISIOTCS BBICOKOKAYECTBEHHBIMH M HOBBIMH. C
WCIIOJIb30BAHUEM TMOJUCTUPOIBHBIX cep pazmepoB 800 u 180 HM HPUTOTOBICHBI OOPA3IIHI
COpOEHTOB, KOTOPBIE 3aT€M OXapaKTEPU30BaHBI PSIOM (PU3HKO-XMMHYECKUX METOOB aHaau3a
(pTyTHas TOpPOMETpHs, HU3KOTeMIeparypHas azacopOuuss azora, COM u PO®A), uro
COOTBETCTBYET OOBSIBJICHHBIM IICJISIM U 3a7a4aM.

B nanpHelmux miaHax aBTOpPOB MPOBECTH MATEMATHYECKOE MOICIMPOBAHUE MOPUCTOM
Cpelnsl IeNbl0  TOoA0Opa ONTUMATbHBIX MapaMeTpoOB COpOEHTa, TaKUX Kak paguyc
MOJIMCTUPOJIBHBIX IAPUKOB U WX MaccoBas o (3Tan 2). C TOYKU 3peHusi CPOKOB BBHITTOJIHEHUS
MPOEKTAa BO3HUKAET BOMPOC, YCIEIOT JIM aBTOPHI 3a OCTABIIMECS 3 Mecsla MPOBECTH BCE
3alUTAaHUPOBAHHBIE MCCIIEIOBAHUS, T.K. MO IUIaHAM BBHITIOJIHEHHWE JTana 3 (CHHTE3 HOBBIX
MAaCCHBHBIX U HAHECEHHBIX COPOCHTOB) OCHOBAHO Ha MOJICTHPOBAHUH, PE3YIBTATOB KOTOPOTO HE
MPEIOCTaBIEHO B MPOMEXKYTOYHOM OTuéTe. bbuto OBl JOTMYHO MpOBECTH pPaboOThl O
MOJICIMPOBAHUIO 3a0JIaTOBPEMEHHO Ha IEpPBOM JTame, TeM O0ojiee, 4TO AT PabOThl MOTYT
BBITIOJIHSITHCS HE3aBUCUMO. TeM He MEHEe, HYXXHO MOJYEPKHYTh, YTO MO PE3yJIbTaTaM YxkKe
BBITIOJTHEHHBIX Pa0OT aBTOpaM yAaloch Ha BBICOKOM YPOBHE TOATOTOBUTH paboTy K
MyOIMKAIIH, YTO BCEISET HAJIKIy B YCIEIIHOE 3aBEPIICHUE BCETO MPOCKTA.

B cBs3u ¢ W3J0KEHHBIM BBINIE, CYMWTAIO, 4YTO (PUHAHCHUPOBAHHWE pPaOOTHI HYXKHO

MPOJOKUTD B MTOJIHOM 00BEME.
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