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Abstract

The gas-solid carbonation of alkaline sorbents basn actively investigated as an
alternative method to GQrapture from industrial combustion sources ang Gghtained in the
air. This study has a two-fold objective: firsttyyantify the gas-solid carbonation extent and the
carbonation kinetics of Ca(OkHand CaO; and secondly, propose a reaction mechasfigas-
solid carbonation for CaO under dry conditions gtige humidity close to 0), i.e., when the
action of water is negligible. The main resultsoof study have revealed that a high proportion
of Ca(OH)» nanoparticles were transformed into CaCgarticles by gas-solid carbonation
(carbonation exten€>0.94) under non-isothermal conditions. Moreovkis gas-solid reaction
requires low activation energi{6kJ/mol) at a constant heating rate of 5 or 10K/mAisimilar
carbonation extent was determined for gas-solitbaraation of in-situ synthesized CaO under
non-isothermal conditions. However, the gas-soéithonation of CaO takes place in a broader
temperature range, implying a more complex thermetic behavior (overlapping of carbonation
regimes or steps). Concerning the gas-solid catlmnaf Ca(OH) and CaO under isothermal
conditions, a high carbonation extent (>0.9) waemeined for CaO at 600 (873K) and 800°C
(1073K). Conversely, the gas-solid carbonation a{@H), particles was relatively low (<0.56)
at 400°C (673K) after 6h of reaction. This cas@nisgreement with the formation of a dense
non-porous layer of carbonate mineral around the obthe reacting Ca(Oklparticles, thereby

limiting the transfer of C@

Finally, an alternative reaction mechanism is pegabfor the gas-solid carbonation of CaO,
when the relative humidity is close to 0. This negcopic control at high temperature avoids

CO, dissociation with molecular water at the CaO.GQerface. For these specific conditions,
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the mineralization of adsorbed @©On CaO particles implies a solid state transfoionati.e.,
CaCQ formation from CaO-Ce®interactions. This could be explained by an atoexcitation
than at high temperature allows the local migranbrone oxygen atom from the solid towards
the adsorbed CPOleading to its mineralization into carbonate (pmroor non-porous layer)
around the reacting particles; chemically the mafieation of CQ also implies the breaking of

one covalent bond in the G@olecule.

Keywords: Gas-solid carbonation; nanosized Ca(®lgarticles; non-isothermal; isothermal;

CO; capture.



1. Introduction

Gas-solid reactions are ubiquitous in many natamal artificial environments (e.g., instantaneous
or slow reactions of volcanic ash, dust and aesoswith natural and/or anthropogenic
atmospheric gases). In basic or applied reseaadrsglid reactions have been widely used to
investigate the oxidation, reduction, chemical vageposition, dehydroxylation, carbonation (or
mineralization of C@), decarbonation and other non-limited chemicakgsses. In particular,
there has been growing interest in gas-solid catiam processes using alkaline sorbents
because of their potential to capture L@a non-catalytic exothermic reactions, allowirgp t
selective mineralization of Crom a complex mixture of several gases (e.gmfindustrial
combustion processes). Once carbonated, the resudtystals are then decarbonated at high
temperature (with the actual temperature value miipg on the nature of the carbonate
produced (Prigiobbe et al., 2009; Stendardo an@ddfos2009; Zevenhoven et al., 2008; Sun et
al., 2008; Shtepenko et al., 2005), releasing PWeby a calcination (or decarbonation) process.
Thanks to this overall carbonation-calcination eaupure CQ@ can be recovered prior to its
injection underground and reuse, except for catasneontaining monovalent elements (e.g., Na,
Li) which volatilize before the decarbonation prege Various alkaline sorbents have been
proposed to capture and mineralize ;Ga gas-solid carbonation such as binary oxideg.,(e
CaO, MgO), hydroxides (e.g., Ca(QHMg(OH),, NaOH), metastable powdered silicates (e.g.,
Li,SiO;, NaSiO;, CaSiQ, MgSiO;) and natural silicates (e.g., olivine, pyroxenerpsntine)
(Larachi et al., 2012, Reddy et al., 2010; Stenolanad Foscolo, 2009; Huntzinger et al., 2009;
Regnault et al;, 2009; Zevenhoven et al., 2008; §\anal., 2008; Sun et al., 2008; Gauer and

Heschel, 2006; Esski et al., 2005; Shtepenko eR@05; Fernandez Bertos et al., 2004; Lanas



and Alvarez, 2004; Purnell et al., 2003). In abes, the C@sorbent reaction takes place by the
formation of a dense non-porous layer of carbomaiigerals (or protective carbonate layer)
around the reacting particles, to the extent tbttl tcarbonation efficiency cannot be achieved
(<80%) (e.g. Prigiobbe et al., 2009; Stendardo Feostolo, 2009; Huntzinger et al., 2009; Sun et
al., 2008; Fernandez Bertos et al., 2004), exaaptdses of high relative humidity (HR>95%),
small particle size (nanometric scale) and natdreosbent (Zeman, 2008; Seo et al., 2007,
Dheilly et al., 2002). The formation of a proteetiwarbonate layer leads to a physical increase in
volume at the grain scale (expansion or swellirgcess) or a decrease in porosity (pore closure
process) when porous materials are partially catsoh(Sun et al., 2008; Chen et al., 2007;
Fernandez Bertos et al, 2004). With respect tae¢hetion kinetics, gas-solid carbonation can be
catalyzed by water activity (or relative humidigf) moderate temperature (<60 °C) and low,CO
pressure (<2bar) (Beruto and Botter, 2000); lowewatctivity (<0.4) ultimately inhibits the
reaction (Montes-Hernandez et al., 2010; Rao e28D8). From a mechanistic standpoint, this
means that the molecular water adsorbed on hydropimd basic surface sites allows carbonate
ion formation at the gas-solid interface followey the formation of solid carbonate around
reacting particles. Conversely, for dry gas-solabonation (i.e., in the absence of adsorbed
water on reacting particles (water activity)), a high temperature (>120 °C) and a prefeaéinti
low CO, pressure (<1 bar) are required (Montes-Hernandeal.e 2010). In this case, the
optimized reaction temperature depends directlytr@ntextural properties (e.g., particle size,
porosity) and chemical nature of absorbent (Zeveehoet al., 2008; Wang et al., 2008;
Fernandez Bertos et al., 2004). Note that the i@achechanism for dry gas-solid carbonation;

i.e., when molecular water action is negligible @vaactivity~ 0), is still a debated question.



The gas-solid carbonation has generally been studiethe laboratory scale by using small
reactors coupled with thermogravimetric and/or amtographic measurements (Blamey et al.,
2011; Prigiobbe et al., 2009; Regnault et al., 200@nversely, at pilot plant scale, fluidised bed
reactors are usually proposed to perform solidegalsonation (Reddy et al., 2011; Huntzinger et
al., 2009). As previously mentioned, solid-gas oadiion reactions are generally incomplete
(<80%) for both cases due to the formation of aqutive carbonate layer around the reacting
particles. Concerning the gas-solid carbonatio@afOH) particles, the high relative humidity,
the CQ pressure and the high temperature (under nonagsogd conditions) can play a crucial
role to enable solid-gas carbonation of Ca(Dprticles to be completed. For example, Beruto
and Botter (2000) clearly demonstrated that aneg®e in relative humidity catalyzes gas-solid
carbonation and increases carbonation efficiencytau85% at a constant low temperature
(=20°C) and low C@ pressure~6.5 mbar). These authors claim that the,@@ssure (<1bar)
has a negligible effect on the carbonation procasany relative humidity (<90%). This
assumption was later supported by Dheilly et @08). Their study showed that, under certain
conditions (atmosphere with low level of gChigh relative humidity (RH=100%) and low
temperature (T=10°C)), the carbonation extent gradmately 93% after 10 days. It reaches
100% after 25 days with a wet hydroxide. Recenitywas demonstrated that Ca(QH)
nanoparticles can be completely transformed intooszed calcite (<100 nm) via gas-solid
carbonation under moderate £@ressure (<40 bar) and low temperature (<60°Q)tlie case,
the mineralization of C®does not form the protective carbonate layer atotne reacting
particles of Ca(OH) As a result, the gas-solid carbonation of Ca( s more efficient in
producing nanosized calcite with high potential fodustrial applications (e.g., fillers in the

papermaking industry and printing inks, antaciddtdy adsorbents, etc.) (Montes-Hernandez et
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al., 2012; Montes-Hernandez et al.,, 2010). Thenstegdration of CaO is typically used to
reactivate its performance as a sorbent in calénoping applications. In this context, Materic et
al. (2011) reported that the gas-solid carbonagixtent was found to be higher when Ca(@id)
directly carbonated at high temperature comparedaw-solid carbonation of CaO, i.e., after
Ca(OH) dehydration. This relevant insight has also béediad in more detail by Blamey et al.
(2011). They investigated the gas-solid carbonatbrpowder and pellets of Ca(OHgand
hydrated calcined limestone and dolomite usingeantiogravimetric analyzer coupled to a mass

spectrometer performing online gas analysis obffigas.

This study has a two-fold objective: firstly, quiénthe gas-solid carbonation extent and
carbonation kinetics of Ca(Opand CaO, and secondly, propose a reaction mechafigas-
solid carbonation for CaO under dry conditions gtige humidity close to 0), i.e., when the
molecular water action is negligible. All carbomwati experiments under non-isothermal or
isothermal conditions were carried out in a therravgnetric analyzer where high-purity GO
was injected (flow rate=50mL/minute). For non-isathnal conditions in particular, three heating
rates (5, 10 and 20K/min) were investigated for@4) and a single rate of 10K/min for CaO.

For classic thermogravimetric (TG) analyses andjipgrsteps, 100% Nvas used in the system.

2. Materials and methods

2.1. Starting reactants

Synthetic portlandite or powdered calcium hydroxi@a(OH))

Portlandite material or calcium hydroxide Ca(QM)as provided by Sigma-Aldrich with 96%

chemical purity, with about 3% of CaG@nd 1% of other impurities. The portlandite mateis
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characterized by platy nanoparticles (sheet forfoghing micrometric aggregates with high
porosity and/or high specific surface area (18gin The average particle size of 31nm was
deduced from Rietveld refinement of XRD patternse(dMontes-Hernandez et al., 2010 and
Montes-Hernandez et al., 2012). For the carbonatmperiments, the portlandite was used

without any physico-chemical treatment.
Carbon dioxide (C¢)

Carbon dioxide C@was provided by Linde Gas S. A. with 99.995% cluaipurity. This gas
was directly injected at a rate of 50mL/min in themogravimetric analyzer (small-reaction cell)

without any treatment and/or purification.

2.2. Gas-solid carbonation experiments under nothésmal conditions

All carbonation experiments under non-isothermalditions were performed with a TGA/SDTA
851° Mettler Toledo instrument under the following caimhis: sample mass of about 10 mg,
alumina crucible of 150 pl with a pinhole, heatiate of 10°C mift, temperature range from 30
(303K) to 1200°C (1473K) and 100% G@tmosphere of 50 mL miin Experiments with
additional heating rates of 5 and 20°C/min werdgoered for carbonation of Ca(Okparticles.
Sample mass gain/loss and associated thermal effext obtained by TGA/SDTA. In order to
identify the different mass gain/loss steps, theATist derivative (mass gain/loss rate) was
used. The TGA apparatus was calibrated in termmass and temperature. Calcium oxalate was
used for the sample mass calibration. The meltoigtp of three compounds (indium, aluminium

and copper) obtained from the DTA signals were dsethe sample temperature calibration.



Note that the CaO particles were directly syntresbin the TG analyzer prior to the carbonation
experiment as follows: (1) dehydration of Ca(@idarticles from 30 to 900°C under 100% N
atmosphere, (2) cooling step from 900 to 30°C urdd¥1% N atmosphere and (3) carbonation

experiment as explained above.

2.3. Gas-solid carbonation experiments under isotakeconditions

Experiments at six different temperatures (200,, 38D, 400, 500, 600°C) were performed to
carbonate the Ca(OH)n the thermogravimetric analyzer. About 3 minutgsre necessary to
reach the reaction temperature and the flow of @@s kept constant at 50 mL rifirin all
experiments. Note that 500 and 600°C are criteaperatures because the Ca(©pfrticles are
dehydroxylated in this temperature range. The tin-synthesized CaO was carbonated at 300,
600 and 800°C. The in-situ synthesis of CaO wasathout as follows: (1) dehydration of
Ca(OH) particles from 30 to 900°C under 100% &tmosphere, (2) cooling step from 900 to
investigated temperature under 100% a&imosphere and (3) isothermal carbonation of CaO a

investigated temperature (300, 600 and 800°C).

3. Results and discussion

The original results on dry gas-solid carbonatimiative humidity= 0) of Ca(OH) and CaO
under non-isothermal and isothermal conditionsgaren below. Exclusively nanosized particles
(<100 nm) of Ca(OH) were used in the experiments. Moreover, an altemaeaction
mechanism is proposed for gas-solid carbonatiolCafOH) at high temperature under dry
conditions, i.e., when the relative humidity iss#do zero (RHO0). This reaction mechanism was

supported by the dry gas-solid carbonation of Catiigges synthesized in-situ by complete
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dehydration of Ca(OH)from 30 to 900°C under N\atmosphere in the TG analyzer as described

in Materials and Methods section.

3.1. Gas-solid carbonation of Ca(QHhianoparticles under non-isothermal conditions

Figure 1 shows the gas-solid carbonation of CagOkjnoparticles under non-isothermal
conditions at two different heating rates (5 ant/bfin). In both cases, a high carbonation extent
(€=0.94) was obtained according to TG curves. Moreokased on the®lderivative curves
(DTG) for the three heating rates, it may be codetiithat the level of carbonation detected from
300 to about 550K was insignificant. In this tengtere range, the initial adsorbed water (slight
amount 1-2%) was preferentially removed, indicatow or negative stability of molecular water
on the Ca(OH) surface when the temperature increased (dryingesso under 100% GD
Concerning the carbonation process, a first stegligiit carbonation was suspected in a reduced
temperature range (from 550 to about 590K) followgdh second step of significant carbonation
which takes place in a broad temperature range amtapparent equilibrium is reached (from
590 to about 900K) (see Fig. 1). This second caation step presents a sigmoidal thermokinetic
behavior pattern as attested by a simple fitting>gferimental curves. This gas-solid carbonation
of Ca(OH) nanopatrticles can be expressed by the followimggd chemical reaction:

Ca(OH),, +CO,,, — CaCQ,, +H,0, (1)

Under dry conditions, i.e., when relative humid{fgH) is close to 0 in the system, it was
assumed that the molecular water produced fromtiogagl) was simultaneously expelled with
respected to the formed carbonate from reactidn @ther words, the molecular water produced

during carbonation is not stable in the carbonatir¢xide interfaces and/or pores. This
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assumption is valid for small Ca(OH)articles (<30um) as recently demonstrated by Blaet

al. (2011). However, another hypothesis was regesilggested by Materic et al. (2010 and
2011), who claimed that Ca(OHparticles present a higher thermal stability unalé€Q-rich
atmosphere (termed by authors “superheated delgliat which prevents significant
conversion to CaCg® Conversely, Blamey et al. (2011) have clearly destrated that the so-

called superheated dehydration is absent for fa@E€)) particles (<30 pm).

Various calculations were performed in order toneste the activation energy for this gas-solid
carbonation process (sigmoidal thermokinetic precesFig. 1) by using a simple relation,
originally proposed by Augis and Bennett (1978)nder to calculate conveniently the kinetic
exponentm for the Johnson-Mehl-Avrami (JMA) model. In ouudy, the Augis and Bennett

relation was used to calculate directly the acibraenergy E,) as follows:

£ = 25R(T,,)°
" m(FWHM)

(2)
where Tnax IS the maximum of the DTG peak related to sigmloidarmokinetic behavior (see
Fig. 1),FWHM s the full width at half maximum of the DTG peakjs a kinetic exponent and R
is the ideal gas constant (8.3144621J/molKjax and FWHM parameters were determined by
using a classic Gaussian modelwas determined from th€vs. texperimental curve using the
JMA model. All parameters and calculated activatemergies for non-isothermal gas-solid
carbonation of Ca(OH)nanoparticles at three different heating ratessaremarized in Table 1.

A low activation energy (from 5.9 to 11.6 kJ/md)required to start the main carbonation step of

Ca(OHj) particles at the three heating rates investigdibhdse estimated values are in agreement

with the values reported by Nikulshina et al. (2007 our study, a similar activation energy
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(about 6 kJ/mol) was determined in the experimemith 5 and 10 K/min heating rates.
Conversely, a higher activation energy (about ¥Y2nkl) was determined at the 20 K/min rate.
Based on these results, 10 K/min was consideredhasoptimized heating rate in our
experiments.

As expected, the calcium carbonate (CgCiormed in-situ from reaction (1) remains stabie a
higher temperature under a 100% fL&dmosphere compared with the pure calcium carkonat
(calcite) decomposed under inert 100%dtinosphere (see Fig. 2). This was probably due to
simultaneous decarbonation-carbonation processigit temperature before a classic and

complete decarbonation reactiol€4CQ,, — CaQ, +CQO,,). In our study, the gas-solid

carbonation of Ca(OH)followed by the respective decarbonation of thebeaate formed
(carbonation-calcination cycle under 100% AL @onfirmed a complete carbonation process (
close to 1) through a simple mass balance. Thisnmdlaat the initial Ca(OH)reactant was
slightly carbonated (>3%); and the mineralizatidnC®, did not form a protective carbonate
layer around the reacting particles of Ca(@#&h typically described in the literature (e.g.n &t
al., 2008; Chen et al., 2007; Fernandez Bertosl,e2@4). For this reason, the gas-solid

carbonation of Ca(OH)n Fig. 2 was normalized to 100%.

3.2. Gas-solid carbonation of Ca(QHhipnoparticles under isothermal conditions

Our results clearly show that complete gas-solith@aation of Ca(OH)nanoparticles is never
achieved under isothermal conditions for any of itheestigated temperatures (200, 300, 350,
400, 500 and 600°C) (see Fig. 3). It would appbkat 400°C is the optimized temperature, but

the carbonation exteng;i{,) at this temperature reaches an apparent equitibkialue of only
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about 0.57 (w/w) (see Table 2). No gas-solid caation of Ca(OH) was detected at 200°C.
Only a small carbonation exten§is(=0.10w/w) and a moderate exter&s£0.39w/w) were
determined at 300 and 350°C, respectively. This iagreement with the formation of a dense
non-porous layer of carbonate mineral around thie obthe reacting Ca(Oklparticles, leading

to a passivation process as the intra-particleusidih of CQ through the core of reacting
particles is blocked, as explained in several stdie.g., Montes-Hernandez et al., 2010;
Stendardo and Foscolo, 2009; Sun et al., 2008;alReler Bertos et al., 2004). Interpretation of
the gas-solid carbonation at 500 and 600°C is nooraplex. For these cases, there may be
competition between Ca(OHllehydroxylation and gas-solid carbonation of Ca@ @a(OH).

For the sake of simplicity, the values of carbamatextent at 500 and 600°C reported in Fig. 3

were normalized with the initial weight of Ca(QH)

The experimental curves shown in Fig. 3 were fitisthg a kinetic pseudo-second-order model.
This model implies a fast carbonation step follovigda slow carbonation step. The latter was
interpreted as a passivation step in our study.iftegrated form of this kinetic model is given

by the following hyperbolic equation:

‘iso,nEvJ
+1

Siso = ©)

t1/2

where &, is the carbonation extent as a function of timender isothermal conditiong,, ., is

the maximum value of carbonation extent at appagquilibrium andt,,, is the half-carbonation

time, i.e., the time taken to achieve half the nraxn value of carbonation extent. A non-linear
regression by the least-squares method was perfiotrmndetermine these kinetic parameters for

each carbonation temperature. All values, includoogrelation factors and initial gas-solid

13



carbonation ratesvf =&, .. /t,,,) are summarized in Table 2. Arrhenius law (link@am) is

frequently used to determine the apparent actimagioergy and frequency factor for isothermal
processes. In our study, the carbonation tempewmt@00, 350 and 400°C revealed poor
Arrhenius-type dependency (values not reported).

A simple comparison between non-isothermal anchesatal gas-solid carbonation of Ca(QH)
shows clearly that non-isothermal carbonation s¢efiaand the reaction is complefecl(ose to 1)
(see also Figure 4). In other words, for isothernabonation, a non-porous carbonate layer is
assumed to form around the reacting particles @sdlfy described in the literature (e.g., Sun et
al., 2008; Chen et al., 2007; Fernandez Berto&,e2@04) while for non-isothermal carbonation,
continuous Ca(OH)CaCQ transformation takes place until completion of tbaction as shown

by the decarbonation curves in Fig. 2.

3.3. Gas-solid carbonation of CaO vs. gas-solicbaration of Ca(OH) non-isothermal
conditions

As shown in Figure 5(a), the CaO particles werettmgized in-situ by dehydroxylation of
Ca(OH) from 30 to 900°C under 100%;Mtmosphere followed by simple cooling of the CaO
particles from 900 to 30°C also under 100% &tmosphere. Finally, the dry gas-solid
carbonation of CaO with pure GQL00% CQ atmosphere of 50mL/min) was carried out using a
heating rate of 10°C/min. The dry gas-solid carlionaof CaO particles takes place in a broad
temperature range (from 100 to 900°C) and threenncarbonation regimes or steps were
qualitatively identified by plotting the first dedtive curve (DTG) (see Fig. 5b). These

carbonation steps were arbitrarily defined as sligioderate and significant depending on the
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carbonation extent reached as a function of tenyera Unfortunately, the moderate and
significant carbonation steps clearly overlappemmnglicating the characterization of their peak
values. For this reason, the relation (2) previpusled to determine the activation energy of
Ca(OH) carbonation, was not directly applicable to Ca@aoaation. On the other hand, a high
carbonation extent was reachéd,(=0.92) at the apparent equilibrium. Technicallys thalue
was similar to the carbonation extent obtainedda(OH) ({=0.94) (see Fig. 6). Conversely, the
gas-solid carbonation of CaO takes place in a l@osnperature range, implying more complex
thermokinetic behavior (overlapping of carbonatigimes). Based on these results, it is
assumed that the simultaneous expelling of producesdecular water during gas-solid
carbonation of Ca(OH)reaction 1) could significantly enhance £@ansfer from the gas phase
towards unreacted Ca(OH3urfaces. In this waymicro-crackingproduced by fast expelling of
water vapor is suspected. Note that the fast amdl&ineous expelling of produced molecular
water during Ca(OH) carbonation indicates that the £€@queous speciation at the CacO
Ca(OH} interfaces will be zero and/or insignificant atghni temperature (>300°C) and
preferential for small Ca(OHR)particles (<30um). This assumption is in agreemmdtit recent

results reported by Blamey et al. (2011).

3.4. Dry gas-solid carbonation of CaO particlesammsothermal conditions

The CaO particles were synthesized in-situ by dedwdation of Ca(OH) from 30 to 900°C
under 100% M atmosphere followed by simple cooling of CaO et from 900 to 800°C also
under 100% K atmosphere (similar to Fig. 5(a)). Finally, drysgaolid carbonation of CaO with

pure CQ (100% CQ atmosphere of 50mL/min) was carried out at consiamperature (300,
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600 or 800°C). A very low carbonation extent wasrd at 300°C (<0.1) and similar high-
carbonation extents were found at 600°C and 806figh temperature (>600°C) promotes a
high-carbonation extent, probably due to the fdwattthis temperature is close to the
decarbonation temperature of the actual carbomaiteed (see Fig. 2). Concerning the gas-solid
carbonation of CaO particles at 800°C, a smalledgfiice was found between two independent
carbonation experiments after 4 to 6 hours of aahon reaction. This small difference can only
be related to the initial weight (not strictly coited) (see Fig. 7). In this case, a high
carbonation exten€g,.cac=0.91) was reached after 6 h of reaction, but gmgaeent equilibrium
had still not been reached. A kinetic model carubed to predict the apparent equilibrium with
respect to the maximum value of carbonation ext&rgimple non-linear regression using eq. 3
(kinetic pseudo-second-order model) does not peogidfficient correlation with experimental
kinetic data. For this reason, the kinetic expentakdata were fitted using a kinetic double-
pseudo-second-order model. This model assumesitwetikregimes due to the presence of two

types of reactive surface sites. Its integratethfr given by the following hyperbolic equation:

_ (Eiso—CaO,maxa )t + (Eiso—CaO,maxb )t
giso—CaO - +t +t

(4)

tllza t1/2b

where é,_..o IS the carbonation extent as a function of timeinder isothermal conditions,
$iso-caomax, @Nd $igo-caomar, '€ the maximum values of carbonation extent atarsop
equilibrium for each kinetic regime arg, andt,,, are the half-carbonation times, i.e., the time

taken to achieve half of the maximum value of cadtimn extent for each kinetic regime. A non-
linear regression by the least-squares method veaformed to determine these Kkinetic
parameters for each carbonation temperature. Allega including estimated errors are directly
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reported in Fig. 7. The predicted total carbonation extent

($iso-caomaxyy = =0.95) reached at apparent equilibrium is simitarthe

iso-Cao max, T $iso-Ca0 max,
CaO carbonation extent obtained under non-isothewnaditions. Moreover, two kinetic
regimes were clearly identified, the first kinetiegime takes only a couple of minutes
(t,,, =124s) to be established; conversely, the second kinetgime takes several hours
(ty,, =7183).

As reported in Fig. 3, the highest gas-solid cadhon extent (about 0.57) was obtained for
Ca(OH) at 400°C. This value is significantly lower thdre tcarbonation extent (0.91) obtained
from gas-solid carbonation of synthesized CaO &f@80with a carbonation reaction duration of
6 h for both cases (see Fig. 8). The kinetic badravas also found to differ for each case with a
single kinetic pseudo-second-order model for treggdid carbonation of Ca(OHJjone type of
reactive surface site) and a double kinetic psesetond-order model for the gas-solid

carbonation of CaO (two types of reactive surfats).s

3.5. Reaction mechanism for dry gas-solid carbonatf Ca(OH) and CaO

The reaction mechanism for carbonation of Ca(ijh a relative humidity (RH) > 0
has been successfully explained, assuming di€sociation in molecular water at the reacting
interfaces (e.g., Montes-Hernandez et al., 201@ytBeand Botter, 2000). However, the gas-solid
carbonation reaction of Ca(OHat low temperature (30°C) and low g@ressure (<2bar) was
inhibited at RH0 (Montes-Hernandez et al., 2010). The dry gasismirbonation of Ca(OHl)
can be reactivated at high temperature (>200°C).m&sitioned above, the molecular water

produced during the carbonation reaction of CafQsinot stable or is insignificantly stable on
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the reaction interfaces at high temperature, sppgd@ small particles (<30um). This implies
fast and simultaneous expelling of the molecularewproduced. Based on these arguments, an
alternative reaction mechanism is proposed for gas-solid carbonation of Ca(Ol)when
RH~O0. In this alternative, it is assumed that atormicitation at high temperature allows the local
migration of one oxygen atom from the solid towartie adsorbed COleading to its
mineralization into carbonate (porous or non-pordagger) around the reacting particles;
chemically the mineralization of GQlso implies the breaking of one covalent bonthenCQ
molecule. This simple reaction mechanism is aldm\and clearly convincing for dry gas-solid
carbonation (RHO) of CaO particles because it does not involvepiraeuction of molecular

water during the carbonation process.

CaQ,, +CO,,, — CaCQ,, ()

The formation of complex carbonate ions (e.g. umigie or bidentate carbonate) via
chemisorption process is not excluded during caton process at high temperature as early

proposed by Busca and Lorenzelli (1982) and Bestitd. (1984).

4. Conclusion

In the present study, basic research was carriedooprovide complementary insights
into the gas-solid carbonation of Ca(QHhd in-situ synthesized CaO under non-isothermal a
isothermal conditions. All carbonation experimemtsre carried out in a thermogravimetric
analyzer. The results revealed that Ca(&d)CaCQ and CaO-to-CaCf solid state

transformations are quasi-complete reactions underisothermal conditions when nanosized
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reacting particles are used. This means that @@eralization does lead to the formation of a
protective carbonate layer around the reactingighest of Ca(OH) and CaO. However, the
formation of a protective carbonate layer aroura ibacting particles explains the incomplete
carbonation under isothermal conditions, partidulaor Ca(OH).

Based on this experimental study, an alternatiaetien mechanism is also proposed for
the gas-solid carbonation of Ca(QHN¥hen the relative humidity is close to 0. In thigernative,
it is assumed that the molecular water produceshduhe carbonation reaction of Ca(QHhH not
stable or is insignificantly stable on the reactintgrfaces at high temperature, especially for
small particles (<30um). This implies fast and ditameous expelling of the molecular water
produced. On the basis of these arguments it magisbamed that atomic excitation at high
temperature allows the local migration of one oxygéom from the solid towards the adsorbed
CO;, leading to its mineralization into carbonate (pmo@r non-porous layer) around the reacting
particles. From a chemical standpoint, the mineaéilbn of CQ also implies the breaking of one
covalent bond in the CQOmolecule. This simple reaction mechanism is alslidvand clearly
convincing for dry gas-solid carbonation (relativemidity=0) of CaO particles because it does

not involve the production of molecular water dgrthe carbonation process.
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Table 1. Summary of thermokinetic parameters fon-isothermal gas-solid carbonation of

Ca(OH) nanopatrticles at three different constant heatues.

Gaussian mod JMA mode Augis and Benne
1% derivative vs. T fvs. t relation
H. rate intensi T, FWHM k m 2
Qintensity g max A _ 25R(rmax)
* m(FWHM)
°K/min 1/s °K °K 2.35487 1/s
5 1.92x1¢ 51.98 703.33 122.40 1.1456x10 14.2 5.9159 kJ/mol
10 3.64x1d 54.16 712.66 127.53 2.2545x10 13.9 5.955 kJ/mol
20 7.00x10  59.54 72213  140.20  7.0912x10 6.67 11.5912 kJ/mol

T: Temperature]l® derivative first derivative on TG curveg: fractional carbonation exterit;time; JMA:
Johnson-Mehl-Avrami; H.: heating; standard deviatior@ensiry intensity of peak; .« maximum value
of peak; FWHM: full width at half maximum value p&ak;ka: kinetic constantm: kinetic exponentE,:

activation energy.
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Table 2. Summary of kinetic parameters for isottermgas-solid carbonation of Ca(GH)

nanoparticles at six different temperatures.

Kinetic pseudo-second-order model:

&isoVs. t

T(°C) &iso,max t1/2 (S) R ¥ (1/s)
200 Carbonation was not detected by TG
300 0.105@:1x10* 309314 0.98 3.3947x10
350 0.39487x10" 716932 0.99 5.5070x108
400 0.57225x10* 2508:10 0.99 2.2834x10
500 0.078@6.85x10° 1153 0.80 6.7826x18
600 0.13185.13x10°  793t35 0.99 1.6620x10

: maximum value of carbonation extent at

so max *

&, carbonation extent as a function of timeé,

apparent equilibriumt,,,: the half-carbonation timey, = ¢ /t,,,: gas-solid carbonation rate.

SO max

26



s
177 iHeatinag rate = 10°K/min | | Second significant-carbonation step | TG
=z i i i LRE
e —
| | T
[ r i Apparent
1 1 / 1 equilibrium
Ao | | Vi | 0
U0 T : _ ’/
| 51 / |
i i

np (=N r !

- I =1 / |

o) i S e

o 06 A | 2§ f.g i

£ [ = i ,l' g !

© | @1 /5 I

> I =i P |

P P2, /L '

= | o] [z |

T o4 e ;¥ !

c Y | i | /& |

5] P /7 I

O 1 1 F = 1

= ] /.5 |

O [ f! “ i

02 A i / i oTG
L/ I
: / Simultanaous carbonation and |
Desorption of initial adsorbed water | | / |
e [y expeliing of produced water 1
. aria pUb:lU\y :IIQI I i ul i@y I ,+/,‘ . I
uu -—-—._._____‘_—;74___’4/ | ua(uﬂ)z(j)-v—t.uzuj —)pat.umj -rnzu(gj |

400 600 800 1000
Temperature, T (°K)

(b) 1.0 Heating rate = 5°K/min ! ! Second significant-carbonation step ! e
! i 1 1=
| | /_'_l( Apparent
! ' equiliorium
|| SN

0.8 4 b /
I ol F i
I 2] / |
T

w | c | |

At 12 !

5 T

B oe H |

5 g
(=]
B 2] |
=} =
'.g 5
5 " £ |
o [
5 | /] |
1)
O Desorption of initial adsorbed water | | |
0.2 4 and possibly slight carbonation
imultaneous carbonation and DTG
| | expelling of produced water |
0.0 1 CalOH )y, +C0 %Cacoij)+H30cg) |
T T 1
400 600 800 1000

Temperature, T (*K)

Figure 1. Gas-solid carbonation of Ca(@QHanoparticles under non-isothermal conditionsvat t
different heating rates (5 and 10 °K/min). Carb@matextent {) was determined from
thermogravimetric (TG) curves and differential thegravimetric (DTG) curves were used to

identify the carbonation steps and determine thigaton energy (see Eq. 2 and Table 1).
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Figure 2. Calcite decomposition (decarbonation)eunti0% N atmosphere compared with
decarbonation of calcium carbonate under 100% &@osphere. The latter was formed in-situ
from the gas-solid carbonation of Ca(QHlhe gas-solid carbonation of Ca(QKdashed curve)

was normalized to 100% in weight based on the @ecation balance for the carbonate formed.
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Figure 4. Comparison between gas-solid carbonatioiCa(OH) under non-isothermal and
isothermal conditions. For isothermal carbonattbr, maximum values of carbonation extent for

each reaction temperature were plotted.
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Figure 6. Comparison between gas-solid carbonatid®da(OH) and CaO under non-isothermal
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Isothermal carbonation at 800°C

8? 0,8 -

(=] - - - - -1
N CaOyy + COypy — CalCOy,
S 06 -
@]
o Double kinetic pseudo-second-order model
et
% 0,4 1
> : IR )r+ (Sorcaomu, S (0.78% 0.0033)r+ (0.17+0.0015)
o to-Cad by, +E hya +1 (124£2)+:  (7183£299)+¢
=
@]
e} 0.2 T
v}
=
(@]
2 ~

; Gas-solid carbonation for 4h
Dehydroxylat f CalOH
anjoiofrj;farc;?nngooo :j 800)20 _— Gas-solid carbonation for 6h
Under 100% N, -_—— == kinetic model
-0,2 T T T T T
-5000 0 5000 10000 15000 20000

Time (s)

Figure 7. Gas-solid carbonation of in-situ synthediCaO under isothermal conditions (800°C)
after 4 and 6 h reaction time. Experimental cutvé (reaction time) was fitted using a double

kinetic pseudo-second-order model.
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Gas-solid carbonation under isothermal conditions

TDptlleEdiE)Ol_:lg
. - — T T a0, +C0;y, - CaCOy,
e
064/ _
Toptimized=400-lc

04 - Ca(OH )yy +COsyg — CaCOyy + HaOp,

Carbonation extent (wW/w)

02 -

0 5000 10000 15000 20000

Time (s)

Figure 8. Comparison between gas-solid carbonatio€a(OH) and CaO under isothermal
conditions. Concerns only the optimized temperatudd0°C for Ca(OH) carbonation and

800°C for CaO carbonation.
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