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Abstract

Calcium looping (Cal), the cyclic carbonation and calcination of limestone, is a prominent carbon capture option
considering reduced parasitic energy consumption compared to amine scrubbing. The main issue preventing
application is sorbent performance decay during cycling. Therefore hydration and extended carbonation
reactivation strategies, as well as synthetic approaches to enhance or sustain reactivity, are of interest. Results
of an investigation are presented on the impact of reactivation strategies on carbonate formation through
detailed study using in-situ infrared spectroscopy. Surface and bulk carbonate formation regimes were readily
distinguished allowing the influence of temporal, hydration and thermodynamic conditions within each regime
to be studied. Surface chemistry of CaO during two initial cycles was shown to change. Significantly, it was
shown that the CaO surface produced from the calcination of Ca(OH), possessed more highly reactive sites
compared to the surface produced from CaCOs. The presence of water enhanced bulk carbonate formation at
300 °C and influenced the complexation of surface carbonates during looping. The results are of interest in the
CalL community, offering molecular scale explanations for macroscale observations, whilst also informing on the

role of humidity in direct air capture and sorption enhanced reaction processes.
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1. Introduction

Carbon capture is an integral part of a holistic approach to climate change mitigation whether from
concentrated industrial and energy sources or directly from air (Boot-Handford et al., 2014). The major
challenges associated with the capture stage are related to energetic and economic expenditure, to provide a

competitive and effectual process.
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Calcium looping (Cal) is a carbon capture process(Abad et al.,, 2015; Abanades, 2002; Blamey et al., 2010;
Shimizu et al., 1999) that has attracted significant attention largely due to high quality recoverable heat from an
exothermic adsorption stage (Perejon et al., 2015). Furthermore, process similarities with existing circulating
fluidized bed boilers, low cost/risk materials (limestone), the potential use of spent sorbent as a source of lime
for cement production (Dean et al., 2011), favourable energetic comparison with 1% generation amine scrubbing
carbon capture processes (Hanak et al., 2016) and the possibility for inherent energy storage (Hanak and
Manovic, 2015), all suggest CaL could be a frontrunner in future climate change mitigation strategies. Flue gases
are contacted with fluidised CaO particles at around 650 °C in a carbonating reactor to produce CaCOs, before
particles enter a calciner at 900°C where a purified stream of CO; is produced for transport and storage or
utilisation. The process has been successfully piloted at scale (up to 1.9 MW4,) (Arias et al., 2013; Chang et al.,
2014; Gonza et al., 2010; Sanchez-Biezma et al., 2013; Strohle et al., 2014) including sorbent reactivation
strategies (Champagne et al., 2015; Diego et al., 2016). This latter point introduces the major disadvantage of
Cal; sorbent deactivation related to morphological and reactivity changes. CaO molar conversion decays to
around 7 — 8 % after extended cycling (Grasa and Abanades, 2006). A prominent characteristic of the
carbonation reaction is the dual-regime; a kinetically controlled “fast” reaction followed by a diffusion controlled
“slow” regime(Barker, 1973) with the switchover defined by a critical product layer thickness (Alvarez and
Abanades, 2005). However as calcination can be conducted to achieve full conversion to CaO, there is an
implication that irreversible changes to oxide reactivity occur during operation. This is due to high temperature
sintering promoted by CO, and H,0 (Borgwardt, 1989), attrition (Scala et al., 2007) and sulfation (D. Y. Lu et al.,

2009) or the presence of impurities (Manovic et al., 2009) that circulating particles experience.

Efforts to combat sorbent deactivation or enhance conversion have included: the use of careful precursor
selection to provide increased residual conversion in synthetic calcium oxide sources (Liu et al., 2010); thermal
pre-treatment of limestone (Manovic and Anthony, 2008); doping of natural and synthetic sorbents (Al-jeboori
etal., 2013, 2012; H. Lu et al., 2009; Reddy and Smirniotis, 2004); the use of stabilising supports/binders (Antzara
et al., 2015; Broda et al., 2012; Broda and Miiller, 2014; Chen et al., 2009; Filitz et al., 2012; Huang et al., 2010; Li
et al., 2005; Manovic and Anthony, 2009); intuitive synthetic approaches to prevent sintering (Sedghkerdar et al.,
2014; Zhang and Li, 2004) and finally polymorphic sorbents (Clough et al., 2016; Zhao et al., 2014). Alternatively,
approaches to reactivate spent sorbent have received a large amount of attention, also in combination with
synthetic approaches as above (Blamey et al., 2016; Gonzalez et al., 2015; Manovic et al., 2013). Both sorbent
preparation and reactivation strategies have been reviewed recently (Erans et al., 2016). The main contenders
for reactivation are steam hydration (Coppola et al., 2015; Manovic and Anthony, 2007; Materic et al., 2010) and
extended carbonation (Arias et al., 2012; Lysikov et al.,, 2007). Steam hydration following calcination,
mechanistically explained by a shrinking core model (Blamey et al., 2015), produces Ca(OH); which has a high
reactivity towards CO,, and if hydration is conducted in the presence of CO,, a high mechanical stability can be
achieved(due to enhanced annealing effects) (Materic et al., 2010). Generally hydration lowers attrition

resistance of Ca0O, but the precise impact depends on hydration time(Coppola et al., 2014). The presence of



steam during calcination enhances sintering (Borgwardt, 1989) and provides a stable porous sorbent
morphology when compared to calcination without steam (Donat et al., 2012). The presence of steam during
carbonation enhances product layer diffusion (Manovic and Anthony, 2010). However it is generally agreed that
hydration between calcination and carbonation stages in a separate reactor would be favoured from a process
design consideration (Yu et al.,, 2012). This is due to the reliance on the “fast” regime in application and
therefore the limited significance of enhanced product layer diffusion. Pre-hydration also appears to have a
particularly favourable impact on performance for ambient temperature carbon capture, dramatically increasing
breakthrough times (Ridha et al., 2015). Recently the CaO/Ca(OH), couple has also been investigated at pilot

plant level for thermochemical energy storage (Rougé et al., 2017).

Questions remain regarding the exact mechanism of hydration and subsequent enhanced activity in CaL. Initial
work assumed that hydration followed by dehydration in the presence of CO,, in other words the direct
carbonation of Ca(OH),, resulted in lower conversion due to enhanced stability of Ca(OH), above its
decomposition temperature in the presence of CO, — termed “superheated dehydration” (Materic et al., 2010).
Furthermore it has been shown that when direct carbonation is conducted, a simple dehydration (as might be
expected considering the temperature conditions employed in the carbonator) followed by carbonation of CaO
is not sufficient to explain observed kinetics (Materic and Smedley, 2011). It was proposed that due to slow
dehydration in the presence of CO,, the carbonation reaction proceeded via an adsorbed water film on a
Ca(OH), surface (Materic and Smedley, 2011). The mechanism is further complicated by particle size effects and
textural properties (Materic et al., 2014). Ca(OH); pellets and hydrated natural limestone exhibited “superheated
dehydration”, evidenced by two water evolution stages when heated under CO,, whereas Ca(OH), powder and
dolomite did not (Blamey et al., 2011). The small particle size in the case of Ca(OH), and the small CaO grains
separated by inert MgO in dolomite could not develop a product layer of critical thickness, and therefore no
second stage of water evolution was observed upon product layer breakage. Thus it was suggested that the
“superheated dehydration” effect was kinetic in nature and only applicable to larger particles (Blamey et al.,

2011).

In this work prominent issues surrounding calcium looping are investigated primarily through the use of in-situ
FTIR, as has been previously called for to further elucidate the role of molecular water (Materic et al., 2015). It is
proposed that the onset of the “slow” regime can be spectroscopically identified through an increase in the
integrated intensity of spectral features due to vibrational modes of bulk carbonate, initiated at a lower
temperature in the presence of water or hydroxyl groups on the surface of particles; 300°C as compared to
400°C in the absence of water. Through the use of CO, and D,0 as probe molecules (the latter as a proxy for
water but with vibrational modes in wavenumber region devoid of other absorption bands) the initial stages of
carbonate formation and water adsorption were monitored during the first two cycles of a calcination-
carbonation loop. D,0 adsorption perturbed carbonate formation and showed that the surface of CaO produced

from Ca(OH), possessed more highly reactive surface sites than CaO produced from CaCOj3 calcination.



2. Experimental

2.1 Materials

Ca(OH); was used as purchased (Sigma-Aldrich, >96%) and as a source of CaO following suitable in-situ
calcination at high temperature in-vacuo during two stages. High surface area CaCOs; was synthesised using
optimised conditions (in terms of resultant surface area) following a published method (Wei et al., 1997). Briefly,
an aqueous suspension of Ca(OH), (Sigma-Aldrich, > 96%) was carbonated by flowing CO, (BOC, 99.8 %) in the
presence of a dispersant (Dispex N40). High surface area was necessary to perform transmission infrared
spectroscopy. Throughout the manuscript, reference to CaO implies after calcination of Ca(OH), unless
specifically distinguished as originating from CaCOs.The calcination to obtain CaO involved an initial treatment
under low vacuum (< 5 x 10 mbar) at 400°C for 15 minutes which was used to remove adsorbed water. The
second stage involved extensive calcination under high vacuum (< 5 x 10 mbar) at 800°C for 2 h. Calcination
was conducted in the same manner for all apparatus where Ca(OH), was used as a CaO source, or to decompose
formed carbonates after CO, exposure. Calcination, by definition, refers to a thermal treatment in air.
Throughout the manuscript, reference to calcination, although technically incorrect, is used to relate thermal

treatments conducted in-vacuo here to the appropriate stage of the Cal process.

CO; was used as supplied (BOC, 99.8%) or as a mixture prepared gravimetrically containing 23% (v/v) CO; and
balance N; (BOC, 99.998%). The composition of the mixture was confirmed by mass spectrometry (EcoSys-P™)
and is henceforth referred to as diluted CO,. Both pure CO; and diluted CO, were used to fill glass bulbs attached
to the vacuum line for exposure to samples as a probe molecule. The diluted CO, mixture was used to enhance
sensitivity in spectroscopic investigations as opposed to mimicking flue gas composition. Water (Ultra-Pure
Grade |, 18.2 mQ cm) and deuterium oxide (Sigma-Aldrich, 99.9 atom % D) were used as probe molecules after

freeze-pump-thaw degassing cycles until no further dissolved gases were evolved.
2.2 Characterisation

Surface area and porosity measurements were conducted using a Micromeritics Tristar with N, as adsorbate.
Powdered samples (ca. 0.1 g) were treated at 200°C in flowing N, for 3 h to remove adsorbed water. Analysis
was conducted at liquid nitrogen temperature, with the Brunauer-Emmett-Teller (BET) method (Brunauer et al.,
1938) applied to determine surface area and the Barrett-Joyner-Halenda (BJH) method (Barrett et al., 1951)

applied to determine pore volume and pore size distribution.

X-ray diffraction data were collected on an Empyrean diffractometer (PANalytical, NL) using Cu-Ka radiation (A =
1.54 A). Powdered samples (ca. 0.2 g) were supported in aluminium holders after loose packing. Patterns were

collected from 19 - 61° 28 with a step size of 0.026° and a total collection time of 10 min.

2.3 In-situ FTIR



A high vacuum line (Figure 1) fitted with a spectroscopic cell was used to collect in-situ transmission infrared
spectra of self-supporting discs formed from calcium looping sorbents. These were subsequently exposed to CO,,
H,O and D,0 at a variety of temperatures, with spectral acquisition and interpretation performed to elucidate

the identity and behaviour of newly formed surface and bulk species.

Instrument List Equipment List
Displayed Text Description Displayed Text Description
PR1 Edwards 0 - 1000 mbar Pressure Transducer F1 Watlow 120 V, 350 W Furnace
PR2| RS Components 0 - 760 Torr Pressure Transducer P1| Edwards E2M2 Rotary Vane Vacuum Pump
PR3 Edwards 107 - 10 mbar Penning Gauge P2 Custom Glass Oil Diffusion Pump
TC1 Zenith 0 - 270 V Variac P3| Varian DS 102 Rotary Vane Vacuum Pump
TR 1 K-Type Thermocouple
Low Vacuum High Vacuum

)0
U Cold Trap

g Glass Port

FTIR Cell

Figure 1 - Schematic of the high vacuum line apparatus with instrument and equipment lists (inset).

Powdered samples (ca. 20 mg) pressed at 2 tons into @ 16 mm self-supporting discs (Specac 15.011 Manual
Hydraulic Press) were loaded into a custom-made quartz holder, before being introduced into the cell and
furnace section of the high vacuum apparatus. Vertical movement of the disc between furnace and cell was
affected by the use of a hoist system. Through the manipulation of Young's valves, low pressures of CO; (< 50
Torr), diluted CO; (< 50 Torr), water (< 15 Torr) and D,0 (< 17.5 Torr) were incrementally exposed to samples
suspended in the furnace and/or cell region to produce spectroscopic adsorption isotherms. In this way, the
development of surface and bulk species was monitored with increasing pressure, temperature or time.
Although archaic, pressures are reported throughout in Torr (760 Torr = 101325 Pa) for clarity and ease of

comparison between figures.

To investigate the prominent issues surrounding carbonation and the impact of water, a series of experiments
were designed. The procedures are introduced with more detailed discussion provided during interpretation of
results. In a first experiment, a Ca(OH), disc was calcined following the two stage calcination described above, to
produce CaO. This was subsequently exposed to increasing pressures of CO; at room temperature to monitor
carbonate formation. By conducting exposure at room temperature, reaction was limited to the surface (i.e.
limited to the “fast” regime). The same disc was then re-calcined following the same procedure, before CO;
exposure again. Overall this procedure simulated the first two cycles of a calcium looping process (where often

the greatest decrease in capacity is observed), allowing any changes to the mechanism of carbonate formation
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to be understood. In a second experiment, the entire procedure was repeated with a fresh sample of Ca(OH),,
but with DO exposure (as a vapour at room temperature) immediately following calcination and before
exposure to CO;. In this way the effect of water on the formation of surface carbonates, as well as any changes
to the water adsorption mechanism (and therefore surface chemistry) in the first two cycles could be
understood. Furthermore, in separate experiments, D,O was exposed (as a vapour at room temperature) to CaO
produced from Ca(OH); or CaCOs (again both following the same calcination procedure). This experiment

allowed a comparison between CaO surfaces produced from the respective parent materials Ca(OH), and CaCOs.

Subsequent experiments involved spectroscopic monitoring during calcination/carbonation of Ca(OH),, in a
variety of gas compositions at different temperatures (including high temperatures to initiate bulk carbonate
formation), to understand the impact of water or time on carbonate formation. In the first, CaO was produced
from Ca(OH),, with CO; exposed before heating and spectral acquisition at distinct temperatures. A variant of
this experiment involved collection of spectra after CO, exposure at a fixed temperature, with spectral
acquisition on a temporal basis. In two further separate experiments, Ca(OH), was heated in-vacuo or in the
presence of CO, with spectral acquisition at distinct temperatures. In a final experiment, water vapour was
introduced to Ca(OH); at room temperature. The disc was then heated to 100 °C in the presence of water
vapour, to simulate the presence of steam, before CO, exposure and spectral acquisition at distinct
temperatures. For all experiments, unless otherwise specified, for any given experimental temperature, samples

were equilibrated at constant temperature for 15 min prior to spectral acquisition.

Spectra were collected using a Perkin EImer Spectrum 100 spectrometer equipped with a liquid N, cooled MCT
detector. Spectra were collected as an accumulation of 100 scans, over a range of 4000 — 1000 cm™ at a
resolution of 4 cm™ with automated background subtraction. Spectral data were collected in transmission mode
and transformed to absorbance. In most cases spectra were subtracted from an initial spectrum following
calcination (before CO, or D,O exposure), so that any growth in a spectroscopic feature was attributed to a
change in the chemistry of the sorbent. Where spectra are reported as difference plots it is stated explicitly. In

some cases, for clarity, raw experimental spectra were reported.
2.4 CO; Gravimetric Adsorption

Adsorption isotherms were obtained using a force restoration electronic microbalance system (Cl Precision®
MK2-G5) with a sensitivity of 0.1 pug. The microbalance system was coupled to a high vacuum apparatus, similar
to the FTIR spectroscopic apparatus, and equipped with an identical furnace. Powdered samples (ca. 50 mg) of
Ca(OH); were loaded into a fritted quartz bucket after a zero and 50 mg calibration procedure (Mettler Toledo

E2 Calibration Weight, 50 + 0.0020 mg).

CO; adsorption was studied on Ca(OH); or CaO produced from calcination of Ca(OH), as described in 2.1. In both
cases, data logging at a frequency of 1 sample every 6 s was initiated (following two stage calcination in the case

of Ca0) allowing a 10 min stabilisation period for an initial mass of sorbent to be obtained, which was used in



subsequent conversion calculations. In the case of Ca0O, full decomposition was achieved before data acquisition
was initiated. The highest pressure of CO; used in the FTIR investigations (50 Torr) was exposed to the calcined
sample under isothermal conditions and allowed to equilibrate over 24 h. A triplicate repeatability investigation
was conducted at an intermediate temperature (400 °C) where a significant level of conversion was attained. In
the case of Ca(OH),, a similar experiment was conducted under non-isothermal conditions. Attempts were made
to introduce water vapour continuously to maintain an overpressure, but as the furnace area was at far higher
temperature than the rest of the apparatus, extensive condensation ultimately prevented the application of an

isothermal approach for Ca(OH),.

3. Results

3.1 Characterisation

Surface area and porosity analysis (Table 1) showed that Ca(OH), possessed a low surface area and mesopores
with a low total pore volume. Upon calcination to CaO, surface area approximately doubled with a 37%
reduction in average pore width, accompanied by an increase in pore volume. CaCOs surface area was 28 m? g,
lower than the value determined in the source publication, but still reasonably high for calcite (Wei et al., 1997).
All N, adsorption-desorption isotherms (Supplementary Information, S1a) were of Type IV by IUPAC classification
and displayed hysteresis indicating condensation in mesopores. Pore size distribution plots (Supplementary
Information, S1b) indicated that the porosity of Ca(OH), was occurring across a wide range of pore widths, which
upon calcination to CaO were concentrated in the 5 — 40 nm range, with a loss across higher pore width values.

CaCOs exhibited a similar pore size distribution to CaO, concentrated beneath 30 nm.

Table 1 - Surface area and porosity data for CaCOj3 as synthesised, Ca(OH) as purchased and following calcination at 800 °C to produce

CaOo.

Sample BET Surface Area BJH Ads Cumulative Pore Volume BJH Ads Average Pore Width
(m’g?) (cm’g?) (nm)

CaCO, 28 0.14 20

Ca(OH), 15 0.08 19

Ca0o 30 0.10 12

X-ray diffractograms are shown (Figure 2) for Ca(OH); and CaO derived from the former material by calcination
at 800 °C. Ca(OH), gave sharp well-defined peaks at 28.7, 34.1, 47.2, 50.8 and 54.4° 26 indicating a highly
crystalline material of a brucite structure in reasonable agreement with ICSD PDF (01-072-0156). CaO was also
highly crystalline and of a rock-salt structure with peaks at 32.2, 37.4 and 53.9° 28 in good agreement with ICSD
PDF (01-075-0264). CaCOsdisplayed peaks at 23.1, 29.4, 31.5, 36.0, 39.4, 43.2, 47.2, 47.6, 48.5, 56.5 and 57.4° 20
in excellent agreement with ICSD PDF (01-083-0578). Application of the Scherrer equation, assuming a spherical
shape factor, to the most intense reflections determined a mean crystalline domain size of 56.3 nm for CaCOs,

32.0 nm for Ca(OH); and 43.7 nm for CaO.
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Figure 2 — X-ray diffractograms for CaCO3, Ca(OH), and CaO.

3.2 In-situ FTIR

Upon exposure to increasing pressures (< 50 Torr) of diluted CO, (23 % (v/v) CO,) (Supplementary Information,
S2) at room temperature, species identified as surface carbonates were formed on CaO by assignment of peaks
in the 1800 — 800 cm™ region (Figure 3). Upon coordination to a surface, the symmetry of the carbonate ion is
lowered and thus certain vibrational modes are activated (Busca and Lorenzelli, 1982). Prominent vibrational
bands at 1476 and 1416 cm increased in intensity with increasing pCO, and were assigned to the vs asymmetric
C-O stretch of monodentate carbonate species on the basis of Av< 100 cm™ (Figure 3a) (Anderson and
Rochester, 1986; Busca and Lorenzelli, 1982). The small bands at 1072 and 874 cm™ were assigned as v
symmetric C-O stretch and v, out of plane deformation, respectively. Very weak absorption features around
1776, 1640 and 1214 cm’, hardly visible on the scale in Figure 3, were tentatively assigned to very small
amounts of bridging carbonate C-O stretching, bicarbonate asymmetric C-O stretching and C-O-H bending
modes, respectively (Philipp and Fujimoto, 1992). In the second stage of the simulated looping process (Figure

3b) identical vibrational modes were identified.
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Figure 3 — FTIR difference spectra of (a) CO, exposed at room temperature to CaO produced from Ca(OH), in Loop 1 and (b) in Loop 2.
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Exposure of CaO to increasing vapour pressures of D,O (< 17.5 Torr) produced absorption bands due to
dissociatively adsorbed and molecularly adsorbed deuterated surface species. Absorption maxima were
apparent at 2722 and 2685 cm™ at the highest exposed pressures with broad features at 2636 and 2625 cm™and
a shoulder at 2690 cm™ (Figure 4a & c). A broad feature across a wide range < 2700 cm™ was also visible in Figure
4a, reduced in intensity in Figure 4c. The band at 2722 cm™ was due to the stretching mode of “free” O-D, with
the broad band at 2625 cm™ arising from a similar mode of “bound” O-D(Scheme 1), where “bound” and “free”
distinguish O-D groups on the subsurface and surface layers respectively. The 2690 cm™ shoulder was assigned
as molecularly adsorbed deuterated water on a Ca(OH), pseudolattice. The band at 2685 cm™ was shifted from
an initial value of 2681 cm™ at the lowest exposed pressure, and thus was tentatively assigned to a perturbed O-
D stretching mode from dissociative adsorption of D,O on a Ca(OH), pseudolattice. It was likely overlapped
significantly by the band at 2690 cm™. The broad band at 2636 cm™ was due to physisorbed D,0. All assignments

were taken from Low et al., 1971.

o
9
®

Scheme 1 - Calcium oxide (100) surface and deuteroxide species. O — red spheres, Ca — purple spheres, D — blue spheres.

Upon subsequent CO, exposure (Figure 4b & d) bands due to surface carbonate species were observed. The
significant differences from the situation without D,0 present on the surface (Figure 3) were a shift in position of
the 1476 cm™ band to 1487 cm™ whilst the band at 1416 cm™ remained in the same position. The intensity
relationship, previously 1:1 was also modified by D,0 present on the surface. Due to the shift in position it was
reasonable to assume that the intensity of the 1487 cm™ band increased as opposed to a decrease in the 1416
cm™ band. Overall the intensity of bands due to carbonate species was significantly lower than in the absence of

D,0. Identification of deuterated bicarbonate species was not possible due to the remaining D,0 species on the



surface obscuring any possible band at ca. 2666 cm™, assuming an isotopic shift ratio of 1.35 with respect to a

3600 cm™ OH group (Busca and Lorenzelli, 1982).
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Figure 4 — FTIR difference spectra at beam temperature of (a) D,O exposure to CaO produced from Ca(OH), in Loop 1, (b) CO;
adsorption in Loop 1, (c) D,O adsorption in Loop 2 and (d) CO; adsorption in Loop 2.

A strong difference in adsorptive behaviour of identical vapour pressures of D,O on CaO produced from the
calcination of Ca(OH); and CaCOs was observed (Figure 5). Peaks due to the adsorbed species discussed above
were observed, but the broadening observed < 2700 cm™ was reduced on the oxide produced from the

calcination of CaCOs (Figure 5b).
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on Ca0 produced from CaCOs.
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Following contact with 50 Torr of CO,, the highest pressure in our previous investigations, and subsequent in-situ
heating, well defined bands due to bulk carbonate species became apparent with the sample at 400°C and above
(Figure 6a). In all previous experiments with samples below 400°C, this spectral region remained devoid of
features. Bands with maxima at 2980, 2875, 2580, 2513 and 1796 cm™ were assigned to bulk carbonate species.
The 2980 and 2875 cm™ bands were assigned as first overtone (2vs) from bulk calcite carbonate anions.
Absorption at 2580 and 2513 cm™ arose due to combination (vi + vs) modes of bulk calcite. The band at 1796
cm™? was a further combination mode (vi + v2) of bulk carbonate. Collectively these bands were taken as an
indication of significant formation of bulk carbonate, beyond previously observed surface carbonate species or
indicating diffusion of carbonate species into the bulk crystal lattice. Assignments were made on the basis of
previous investigations (Neagle and Rochester, 1990; Schroed et al., 1962). With sample at 500 and 600°C, all of
the discussed bands increased in intensity. In subsequent isothermal investigations at 400 (Figure 6b) and 350 °C
(Figure 6¢) bulk vibrational modes were monitored temporally. Bands in the 3000 — 2400 cm™ range increased in
intensity throughout, with the 1796 cm™ absorption band (not shown) displaying similar behaviour in agreement

with the relationship evidenced in Figure 6a.
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Figure 7 — FTIR spectra of (a) calcination of Ca(OH), in-vacuo at room temperature (1), 100 (2), 300 (3) and 600 °C (4) and (b)
carbonation of Ca(OH); in the presence of 50 Torr of CO, at room temperature (1), 100 (2), 300 (3) and 600 °C (4).

For ease of interpretation, a selection of raw experimental spectra (i.e. not difference spectra) are shown of
Ca(OH); being heated in-vacuo (Figure 7a) and in the presence of 50 Torr of CO, (Figure 7b). The associated
difference spectra are given (Supplementary Information, S3a & b). Bands across a broad range (3750 — 3250 cm”
1) assigned to a variety of hydroxyl functionalities on the Ca(OH), surface decreased in intensity with heating in-
vacuo (Figure 7a) and to a lesser extent under CO, (Figure 7b). Free OH (3707 cm™) remained on the surface of
Ca(OH), at 600 °C in-vacuo with a small broad band also present towards lower wavenumbers. At all
temperatures in CO,, a larger number and variety of OH functionality remained in the 3750 — 3250 cm™ range.
Strong absorptions in the range ascribed to surface carbonate species as discussed above (1750 — 1000 cm?),
present due to reaction in air prior to experiment were also observed throughout (Figure 7), broadening at high
temperature in the presence of CO, (Figure 7b). For the first time, bicarbonate species were observed (1750 and
1250 cm™) with sample at 600°C (Figure 7b), in part accounting for the broadening of the carbonate species
band. Furthermore a band at ca. 1630 cm™ present only in-vacuo at RT in Figure 7a remained present at 300 and
600°C in the presence of CO, (Figure 7b). Due to the lack of transmission in the region where maxima due to
surface carbonate bands are expected (1750 — 1000 cm™), absorption intensity is not representative of
carbonate amount, as upon transformation infinite absorbance would be obtained. Therefore changes in
intensity cannot be understood in terms of calcination or carbonation, only presence. The appearance of bands
due to bulk carbonates (2980, 2875, 2580, 2513 and 1796 cm™) occurred at 300°C in the presence of CO, (Figure
7b& Supplementary Information, S3b). A small band due to gaseous CO, at 2350 cm™ was also observed, not

changing in intensity, indicating the overpressure was sufficient for carbonation reaction.

Absorbance

3500 3000 2500 2000 1500 1000

Wavenumber / cm™

Figure 8 — FTIR spectra of Ca(OH); (1) exposed to H,0 at room temperature (2), heated at 100 °C (3) and subsequent carbonationof
Ca(OH); in the presence of 50 Torr of CO, at 100 (4), 300 (5) and 600 °C (6).

Ca(OH),was exposed to water vapour (15 Torr), followed by heating to 100°C and subsequent CO; exposure in an
effort to simulate the presence of steam during carbonation (Figure 8). Again spectra shown are a selection of

raw experimental data. The full experimental spectral set is given in Supplementary Information, S4. In the initial
17



wetting stage, bands due to hydroxyl groups (3750 — 3250 cm™) and molecularly adsorbed water (1630 cm™)
increased relative to initial Ca(OH),. Upon heating both sets of band decreased in intensity. Upon exposure to
CO, and heating, bands due to bulk carbonate species (2980, 2875, 2580, 2513 and 1796 cm™) appeared well-
defined in spectra of sample at 300°C and continued to increase in intensity with increasing temperature.
Surface carbonate species (1750 — 1000 cm™) were also present in large quantities. Again bands due to
bicarbonate surface species were apparent at high temperature (1750 and 1250 cm™) (Busca and Lorenzelli,

1982).
3.3 CO, Gravimetric Adsorption

CO; adsorption on CaO under isothermal conditions (Figure 9a) displayed the typical dual regime behaviour
widely observed for the carbonation reaction. Conversion (Figure 9) was shown as normalised relative to a 10
min (100 data points) stabilisation period in each experiment. A repeatability investigation was conducted on
Ca0 at 400°C (Supplementary Information, S5) to represent an intermediate temperature where significant
conversion would occur. To determine “fast” (fc) and “slow” (s¢) conversion, first derivatives of conversion curves
in Figure 9a were plotted. The change in regime was attributed as the point where the “slow” regime started, i.e.
the inflexion point in the first derivative provided the “fast” conversion (Supplementary Information, S6). The
final “slow” regime conversion was calculated as the numerical average during the final 10 min (100 data points)

of the experiment.
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Figure 9-Gas-solid carbonation of (a) CaO from Ca(OH), under isothermal conditions at RT, 100, 200, 300, 400, 500 and 600°C and (b)

Ca(OH), under non-isothermal conditions.

Values for CaO conversion in each regime and Ca(OH); final conversion are given in Table 2. Even though it was
not possible to accurately determine the position of the first derivative in the room temperature conversion
plot, the final “slow” conversion data has been left to aid subsequent discussion. Conversion was extremely low
at low temperature (Table 2) until at 30°C final “slow” conversion (s.) values became appreciable, with “fast”

conversion (f¢) displaying a significant increase at 400°C.
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Table 2 — Conversion in “fast” (f.) and “slow” (s.) regimes during CaO and Ca(OH), carbonation. Repeatability measurements
(Supplementary Information, S5).

T fe S. Se

(°C) (g CO, /g Ca0) (g CO,/gCa0) (g CO,/gCa(OH),)
RT XXX 0.03 0.01

100 0.02 0.05 0.01

200 0.03 0.06 0.01

300 0.04 0.16 0.03

400 0.20 0.31 0.15

500 0.24 0.47 0.31

600 0.27 0.72 0.32

4. Discussion

X-ray diffraction (Figure 2) confirmed materials permitted differentiation between Ca(OH), and CaCOs derived
Ca0. Analysis of textural properties (Table 1) indicated that upon calcination of Ca(OH), surface area increased
as well as a reduction in average pore width. It was previously observed that after an initial sharp increase in
surface area following treatment around 400°C, sintering began lowering surface area to a value still higher than
initial Ca(OH); (Irabien et al., 1990). It was therefore likely that the Ca(OH), calcination treatment sintered the
produced CaO to a significant degree, but that these conditions were representative of those found in the real
Cal process, at least in terms of temperature. For CaCOs; and CaO there was a good correlation between
crystallite size and surface area. However for Ca(OH), the crystallite size and surface area discontinuity could be
explained by lower porosity as compared to the former samples. It also must be remembered that Scherrer
analysis provides size with respect to one crystalline facet, the most populous but not necessarily the largest,
and also assumes a specific shape factor. However, it was confirmed that all samples were nanosized and thus

suitable for transmission FTIR investigation.

The formation of surface carbonates (Figure 3) occurred in an identical manner in simulated first and second
loops, in terms of carbonate coordination (monodentate) after carbonation on freshly calcined Ca(OH); (Figure
3a) and in the first loop (Figure 3b). It should be remembered that CO; is a fairly insensitive probe molecule with
the potential to miss subtle changes to sites of low population. However, as the main reactant of interest, it
suggested that no significantly appreciable changes in reactivity occurred, in the cycle where the drop in
conversion is the most pronounced and therefore most likely to display reactivity differences. Furthermore CO,
adsorption on CaO at RT displayed a final “slow” conversion (24 h) of 0.03 gCO, / gCaO (Table 2) which equated
to 65.2% surface coverage (Supplementary Information, S7). The lack of bulk carbonate band formation in this
regime showed that carbonate formation was limited to the surface layer at low temperature. In the “fast”
regime, surface coverage was below 100% for 300°C and below, with a significant jump at 400°C to 435% surface
coverage i.e. considerable bulk carbonate formation in the “fast” reaction regime (Figure 10). The appearance of
FTIR bands due to bulk modes for sample at 400 °C (Figure 6a) and the rapid growth of those bands at 400°C

(Figure 6b) supported this observation. At 300°C surface coverage was 87.0% and thus the lack of bulk modes on
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CaO (Figure 6a) at this temperature was in agreement with the gravimetric investigation. Below 300°C, CO;
adsorption on CaO is limited to the surface, with bulk carbonate formation increasing with temperature above
this (Cazorla-Amoros et al., 1991). Furthermore bands due to vibrational modes of bulk carbonate were always
preceded by intense absorption maxima due to surface species, confirming the dual reaction regime
spectroscopically. At the highest temperatures studied, both CaO and Ca(OH), approached the theoretical
conversion limits (Figure 10). The distinction between surface and bulk carbonation becomes futile at 400°C and

above where both surface and bulk carbonation are occurring at appreciable rates in the “fast” reaction regime.

0.8
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064 * S, Ca(OH)2
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0.3 ° A
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Conversion / g CO, /g sorbent

0.1+
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100 200 300 400 500 600

Figure 10 — “Slow” conversion (s;) and “fast” conversion (f;) versus carbonation temperature. Dashed lines indicate theoretical
conversion limit of 0.35 g CO, / g Ca(OH). (lower dashed line) and 0.78 g CO, / g CaO (upper dashed line).

The adsorption of D,O provided greater information on the changes to the oxide surface, particularly with
reference to adsorption history. Upon calcination of Ca(OH); highly reactive sites were exposed (Figure 4a) that
were not present after carbonation and re-calcination (Figure 4c). The broadening below 2700 cm™ was
previously explained as indicative of the presence of defect O sites. As the distance between “free” deuteroxide
species is too great for hydrogen bonding to occur, there should be intermittent defects to facilitate hydrogen
bonding induced broadening of the band due to the OH or OD stretching mode (Low et al., 1971). Therefore the
presence of broadening indicates the formation of highly reactive surface sites when Ca(OH), is calcined.
Furthermore, this effect was confirmed in spectra of D,O adsorption on CaO produced from Ca(OH), and CaCO3
(Figure 5), which again showed that there were more highly reactive sites on the oxide produced from Ca(OH)..
It would appear that the presence of carbonates, either as bulk calcite or simply adsorbed surface carbonates,

limit the formation of highly reactive sites during subsequent calcination.

The formation of active sites due to water vapour adsorption on CaO produced from Ca(OH); has been observed

previously (Beruto et al., 1983) and could be an indication, confirmed here, that in part explains the increased

reactivity observed following hydration reactivation. Subsequent formation of carbonate on the surface

following D,0 exposure (Figure 4b, d) displayed a shift in the band at 1476 to 1487 cm™ and an increase in
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intensity. Generally bands in the carbonate region showed lower intensity for the same CO, exposure pressures,
highlighting that adsorbed D,0 was occupying the identified active sites. On CaO (100) it has been shown by
semiempirical atomistic simulations that at low partial pressures of water, coadsorption of water occurs in a
dissociative manner resulting in a decrease in the number of adsorbed carbonate species (Allen et al., 2009). The
shift and increase in intensity was likely due to interaction between adsorbed deuteroxide and carbonate
species. Considering that both “free” and “bound” deuteroxide species were present on the surface, and the
surface structure of CaO (100), two explanations can be proposed for the change in intensity. Either “free”
deuteroxide species perturbed the carbonate species (asymmetric vibration of the upwards C-0), or “bound”
deuteroxide perturbed the carbonate species (same vibration of the downwards C-O) (Scheme 2). Overall this
would imply that the calcination of Ca(OH), to produce CaO provides highly reactive sites but that the presence
of water (D,0) on the surface occupies these sites at low temperature and perturbs the structure of the formed

surface carbonates.

Free

\‘

o
®
9

Scheme 2 - Potential hydrogen bond interactions between “bound” or “free” hydroxyl groups and surface carbonate. O - red spheres,
Ca - purple spheres, D — blue spheres, C — black sphere.

Decomposition of Ca(OH), in-vacuo (Figure 7a) resulted in the removal of a wide variety of hydroxyl functionality.
In the presence of CO, (Figure 7b) hydroxyl groups and undissociated molecular water were retained until
relatively higher temperatures. Bands due to bulk carbonate were observed at 300°C (Figure 7b — green
spectrum), lower than the corresponding carbonation of CaO where no well-defined bands were observed at
300°C (Figure 6a — black spectrum). Together these results would suggest that bulk carbonate species were
forming at lower temperatures when Ca(OH), was directly carbonated and that water was being produced,

consistent with simple mechanistic consideration and previous investigations (Montes-Hernandez et al., 2010).
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Furthermore it has previously been observed that the presence of water encourages diffusion to the bulk of
carbonating particles (Manovic and Anthony, 2010), consistent with spectroscopic observations here. The
presence of molecular water (1630 cm™®) and hydroxyl functionality (3750 — 3250 cm™) during direct carbonation
(Figure 7b) supports findings (Materic and Smedley, 2011) whereby the carbonation reaction proceeds via an
adsorbed water film on the surface. Furthermore, the presence of molecular water on the surface can somewhat
confirm previous findings, whereby water molecules departing the Ca(OH); lattice act as a liquid-like interface
for H,O and CO, to be exchanged (Materic et al., 2015). The identification of bicarbonate species (Figure 7b &

Figure 8) provides further support for this hypothesis.

The discontinuity between the spectroscopic and gravimetric investigations deserves further consideration.
Considering the spectroscopic data where vibrational modes due to bulk carbonate are evidenced at 300°C on
Ca(OH); compared to 400 °C on Ca0, one would expect conversion of Ca(OH), at 300°C to exceed that of CaO at
400°C. However in the gravimetric experiments (Figure 10) final “slow” conversion value (as a percentage of the
theoretical limit) for CaO at 400°C is ca. 20% and for Ca(OH), at 300°C is ca. 8%, in disagreement with the
spectroscopic findings, if one assumes a direct relationship between bulk carbonate absorption and “slow”
conversion. First the conversion value for Ca(OH); may be lower than expected due to simultaneous
decomposition of Ca(OH),. Previously it was shown for Ca(OH), powder heated under N, or CO; in separate
experiments, decomposition and carbonation occurred respectively around 400 °C (Blamey et al., 2011). The
observed molecular water (1630 cm™) and the reduction in the intensity around < 3750 cm™ (Figure 7b) would
suggest that decomposition of Ca(OH), was occurring at the same time as carbonation. The water observed on
the surface has been previously shown by infrared spectroscopy to increase in direct proportion with carbonate
conversion, although at low temperature (Montes-Hernandez et al., 2010). Furthermore considering the ca. 50%
lower surface area of Ca(OH); it is reasonable to assume that surface coverage is complete at lower overall
conversion values and thus bulk diffusion begins at lower overall conversion, enhanced by water on the surface.
An alternative scenario would be that three dimensional structures with bulk-like vibrational properties form on
the surface, but considering the findings of (Blamey et al., 2011) where Ca(OH), powder could not form a
carbonate product layer, this seems unlikely. However, this scenario cannot be ruled out entirely as the mass

change for a single carbonate layer on such small particles would be difficult to detect by their method.
5. Conclusions

Infrared spectroscopy was utilised to distinguish carbonate formation in the “fast” and “slow” reaction regimes
with attention paid to surface chemistry of sorbents. Through probe molecule investigations of calcium looping

sorbents under high vacuum conditions it was shown that:

1) CaO produced from Ca(OH), presented highly reactive surface sites, probably 0%, even in a regime where
sintering was encouraged.
2) When CaO produced from Ca(OH), was subsequently carbonated and calcined these active sites were

reduced in number. The same behaviour was observed when CaCO; was used as a source of CaO indicating
23



that adsorption history, particularly the presence of carbonates, influences the available sites on calcined
sorbents.

3) The presence of water (D,0) occupied highly reactive sites and perturbed surface carbonates formed on CaO
at low temperature.

4) The presence of water or hydroxyl functionality on the surface of Ca(OH); initiated the formation of bulk

carbonate species at lower temperatures than on CaO.

The results highlight the subtleties associated with the impact of water in calcium looping and provide
fundamental molecular observations of use in explaining the impacts of water during bench and pilot scale
testing. Infrared spectroscopy could be explored further in terms of calcium looping through the application of
highly sensitive probe molecules to investigate crystalline facets known to be of significant importance for high
temperature adsorption, i.e. CaO (111). Furthermore the investigation of highly cycled sorbents which may
display a reduction in the prevalence of the (111) facet could provide experimental evidence for an issue hinted
at computationally (Besson and Favergeon, 2013). The use of quantitative FTIR spectroscopy (McCue et al.,
2015) could permit the determination of diffusion rates of carbonate species assuming a suitable absorption
coefficient could be determined. Currently the temperature limitation of our apparatus does not permit high
temperature calcination conditions and approaches the limitations of the cell at conditions where carbonate

diffusion becomes appreciable.
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