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Abstract

Three Na-based thermochemical cycles for capturing CO, from air are considered: (1) a NaOH/NaHCO3/Na,CO3/Na,O cycle with 4 reaction
steps, (2) a NaOH/NaHCO3/Na,CO; cycle with 3 reactions steps, and (3) a Na,CO3/NaHCOj; cycle with 2 reaction steps. Depending on the choice
of CO, sorbent — NaOH or Na,COj; — the cycles are closed by either NaHCO; or Na,CO; decomposition, followed by hydrolysis of Na,CO; or
Na,O, respectively. The temperature requirements, energy inputs, and expected products of the reaction steps were determined by thermodynamic
equilibrium and energy balance computations. The total thermal energy requirement for Cycles 1, 2, and 3 are 481, 213, and 390 kJ/mol of CO,
captured, respectively, when heat exchangers are employed to recover the sensible heat of hot streams. Isothermal and dynamic thermogravimetric
runs were carried out on the pertinent carbonation, decomposition, and hydrolysis reactions. The extent of the NaOH carbonation with 500 ppm
CO; in air at 25 °C — applied in Cycles 1 and 2 — reached 9% after 4 h, while that for the Na,CO; carbonation with water-saturated air — applied in
Cycle 3 — was 3.5% after 2 h. Thermal decomposition of NaHCO; — applied in all three cycles — reached completion after 3 min in the 90-200 °C
range, while that of Na,COj; — applied in Cycle 1 — reached completion after 15 min in the 1000-1400 °C range. The significantly slow reaction
rates for the carbonation steps and, consequently, the relatively large mass flow rates required, introduce process complications in the scale-up of
the reactor technology and impede the application of Na-based sorbents for capturing CO, from air.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction potential candidate is NaOH, according to:

In previous papers [1,2], we thermodynamically and kinet- 2NaOH(s) + CO2(g) = NayCO3(s) + H20(g)

ically analyzed a 3-step thermochemical cycle based on AH5gg = —127.5K] @))]
Ca(OH);—CaCO3-CaO carbonation/calcination reactions for

the capture of CO, from air. The required thermal energy input

was found to be 24.85 kJ/mol CO; captured, assuming part of 'the NaOH(s) + CO»(g) = NaHCO5(s) AHSogy = —131.5K)
sensible heat carried by the hot CO;-depleted air flow exiting

the carbonator at 227 °C is recovered for pre-heating ambient (2)
air entering the carbonator. Ten times more energy would be
required without heat recovery. The energy requirement could be
reduced by making use of CO, sorbents that carbonate/calcine
at lower temperatures but still at reasonable reaction rates. A

The energy requirement for a CO, capture process from
air based on the carbonation of NaOH at ambient temperature
has been estimated to be in the 0.33-0.46 MJ/mol CO, range
[3]. The rate of CO, absorption into a NaOH aqueous solution
was investigated at 20 °C and 8-100% CO, concentration [4],
- ) ) and in the range 0-60 °C [5,6]. Relevant experimental studies
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given as a function of temperature and ionic strength [5], as
well as of the rising speed and drag coefficient of CO, bub-
bles in a strong alkaline solution [10]. A dry sample of NaOH
purged for 60 min with CO; at a pressure 0.08-0.12 MPa con-
tained 100% NaHCOs3 [11]. Reactor concepts proposed include
bubble columns [8,12,13], wetted-wall columns [14], packed
columns [15,16], contactor spray-towers [17], falling films [4],
and impinging jet absorbers [7].

CO; sorption can also be accomplished by means of Na; COs,
according to [18-22].

NayCO3(s) + CO2(g) + HoO(g) = 2NaHCOs(s)
AHjggg = —135.5k] 3

Depending on the choice of CO, sorbent — NaOH or Na;CO3
— the cycle can be closed either by NaHCO3; decomposition
(reaction (3-reverse)), or by NayCO3 decomposition:

Na;CO3 = Na,O + CO, AH5ggx = 720.7k] @)

followed by hydrolysis of NayO or Na;CO3,

Nay;O 4+ H,O = 2NaOH AHjggx = —541.3KJ 5)

NayCO3 + HyO = 2NaOH + CO;  AH50i = 171.5k]

(6)

NayCO3 was decomposed at above 800 °C with a conversion
rate of 80% in 0.2s [23,24], while the decomposition tem-
perature could be lowered by the addition of black carbon
or SiO, [25-27]. A kinetic model was formulated for the
Na;CO3 decomposition [28,29]. The hydrolysis of Na;CO3
was shown to proceed at above 400 °C [29,30]. Experimen-
tally, NaHCO3 decomposition according to reaction (3-reverse)
proceeded at above 80 °C and attained completion in the range
100-180°C [18,31-33]. In a closed vessel at 100 °C, it yielded
Na;CO3-3NaHCO3 [32].

This paper examines the thermodynamic and kinetics of the
pertinent reactions for three selected Na-based closed-material
cycles for capturing CO; from air. Thermogravimetric runs are
carried at low CO; concentrations (500 ppm!), aiming to simu-
late the capture of CO; from air. Comparison among these cycles
in terms of equilibrium compositions, energy requirements, and
reaction extents is discussed.

2. Thermodynamic analysis
2.1. Equilibrium compositions

Thermochemical equilibrium computations based on Gibbs
energy minimization were carried out using Outokumpu HSC
Chemistry code [34,35]. Species whose mole fraction was less
than 10~ have been omitted from the figures. The equilib-
rium composition for NaOH(s) and air containing 500 ppm of

1" Assumption: predicted 500 ppm CO, concentration in the ambient air by the
time the proposed technology would be commercially available for application.
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Fig. 1. Equilibrium composition of NaOH(s)+air (stoichiometry: 1kmol
NaOH + 1 kmol CO; +420kmol O, + 1575 kmol Nj) vs. temperature at 1 bar.
Note: the curves for N, and O, are not shown; the curves for Na;CO3 and H,O
are congruent.

CO, (stoichiometry: 1kmol NaOH + 1 kmol CO; +420 kmol
O3 + 1575 kmol Nj; corresponding to a NaOH:CO; molar ratio
of 1) is shown in Fig. 1 as a function of temperature. Both car-
bonation reactions (1) and (2) are thermodynamically favorable
at ambient temperature, yielding NayCO3 and NaHCO3 with
a solid molar fraction of 27 and 55%, respectively, in addition
to 15% of sodium carbonate monohydrate (Na;CO3-H>0O) and
3% of trona (Na3CO3HCO3-2H,0). With increasing tempera-
ture, Na;CO3-HyO dehydrates and NaHCO3 decomposes into
Na;CO3 according to reaction (3-reverse). At 312 °C, no other
Na-based compound other than Na;COs3 is present. At above
400 °C, NapCOs is converted in the presence of water vapor into
NaOH according to reaction (6), as was experimentally shown
[29,30]. At above 1200 °C, NaOH is the only solid species in
equilibrium.

The equilibrium composition for NayCOs(s), H;O,
and air containing 500ppm of CO; (stoichiometry:
l1kmol NayCOsz+1kmol H;O+1kmol CO;+420kmol

O3 + 1575 kmol N») is shown in Fig. 2 as a function of temper-
ature. At ambient temperature, the solid species at equilibrium
are NaHCOj3, Na,CO3, Na,CO3-H,O, and trona, with a solid
molar fraction of 63, 23, 12, and 2%, respectively. As in
the previous case, with increasing temperature the hydrated
compounds lose water and NaHCO3; decomposes into Na; CO3
(reaction 3-reverse). At 312 °C, NayCOs is the only Na-based
compound in equilibrium. The hydrolysis of NayCOs into
NaOH is completed at around 1200 °C (reaction (6)). Note that
Wegscheider’s salt (3NaHCO3-Na;COs3) has been excluded
from consideration. It has been observed to be an intermediate
compound of reaction (3) [36]. However, as it will be explained
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Fig. 2. Equilibrium composition of Na;CO3(s) +air + HyO (stoichiometry: 1

kmol NaOH + 1 kmol CO; + 1 kmol H,O +420kmol O; + 1575 kmol Njy) vs.

temperature at 1 bar. Note: the curves for N, and O, are not shown; the curves
for NayCO3 and H;O are congruent.

in the thermogravimetric analysis that follows, Wegscheider’s
salt was not detected by XRD among the products.

The equilibrium composition for 1 kmol NaHCOj3 as a func-
tion of temperature is shown in Fig. 3. As previously reported,
NaHCOs3 decomposition according to reaction (3-reverse) pro-
ceeds at above 80°C and reaches completion in the range
100-180°C [18,31-33]. The reaction is thermodynamically
favorable in the range 25-400 °C. The equilibrium composition
is similar to the previous two cases, but the absence of air (large
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Fig. 3. Equilibrium composition of 1 kmol NaHCOj3 (s) vs. temperature at 1 bar.
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Fig. 4. Equilibrium composition of NayCO3(s) vs. temperature at 1 bar.

amounts of N» and O3 acting as inert gases) displaces the equilib-
rium to higher temperatures as expected for solid decomposition
processes.

The equilibrium composition for 1 kmol Na,CO3 as a func-
tion of temperature is shown in Fig. 4. NapCOs3 starts to
decompose at above 1600 °C and proceeds in two steps, firstly
to NapO according reaction (4), and finally to Na(g) at above
1850°C, as previously suggested [26]. The second step is
believed to proceed at high rates [37]. Above 1900 °C, the equi-
librium composition consisted of a single gas phase containing
Na, O,, and CO».

3. Thermochemical cycles

Three closed-materials thermochemical cycles are consid-
ered. The selection of the operating temperatures of the
carbonation and decarbonation steps is based on the results
of the chemical equilibrium computations (see Section 2) and
thermogravimetric analyses (see Section 4).

3.1. Thermochemical Cycle 1

The closed-material Cycle 1 is depicted in Fig. 5 and encom-
passes 4 main chemical reactors. Atmospheric air, containing
500 ppm of CO», is injected at 25 °C along with NaOH into the
reactor I (carbonator), where reaction (2) takes place at ambi-
ent temperature. The solid product NaHCOs is fed to reactor II,
where undergoes thermal decomposition at 200 °C to Na;COs,
CO; and H,O according to reaction (3). The products of the
decomposition undergo natural phase separation (not shown in
the schematic). Pure CO», after being cooled to ambient tem-
perature, is delivered to the storage site. NapCOs is directed to a
heat exchanger III for pre-heating to 590 °C before entering the
reactor IV. In the reactor IV, NapCOs3 thermally decomposes at
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Fig. 5. Schematic of the thermochemical Cycle 1 for CO, capture from air.

1400 °C to Nap O and CO; according to reaction (4). CO», after
being cooled in the heat exchanger I1I to 240 °C, is quenched to
ambient temperature and delivered to the storage site. NayO is
directed to the reactor V where it reacts with H>O coming from
reactor II to form of NaOH at 727 °C. High-temperature process
heat is supplied to the endothermic reactions (3) and (4).

3.2. Thermochemical Cycle 2

The closed-material Cycle 2 is depicted in Fig. 6. It features
the same first two steps of Cycle 1, but reactions (4) and (5)
are replaced by the single reaction (1-reverse). NayCO3, after
leaving reactor II, is directed to the heat exchanger, where under-
goes preheating to 360 °C before being fed to reactor III. In
reactor III, it is steam-hydrolyzed at 700 °C to NaOH and CO»
according to the reaction (l-reverse). The second portion of
CO,, after being cooled in the heat exchanger IV to 240°C,
is quenched to ambient temperature and delivered to the storage
site. High-temperature process heat is supplied for the endother-
mic reaction (3-reverse) and reaction (1-reverse).

3.3. Thermochemical Cycle 3

The closed-material Cycle 3 is depicted in Fig. 7. Itis based on
the reversible reaction (3). Atmospheric air, containing 500 ppm
of CO», is injected at 25 °C into the heat exchanger III where it
undergoes preheating to 44 °C by the CO,-depleted air flow.

Afterwards, it is delivered to reactor I, where it reacts with
Na;CO3 in presence of water at 50 °C to form NaHCOs(s).
NaHCOs is preheated to 67 °C and then fed to reactor II, where
itis thermally decomposed to Na; CO3, H,O and CO; at 200 °C.
The products of the decomposition undergo a natural phase sep-
aration (not shown in the schematic). NapCO3 and H,O are
recycled to reactor I, while pure CO;, after being cooled in the
heat exchanger IV to 90 °C, is delivered to the storage site. Pro-
cess heat is supplied to the endothermic reaction (3-reverse); the
exothermic reaction (3) is used for heating the reactants to 50 °C.

3.4. Energy balances

The baseline design assumes the capture of 1 mol/s of CO».
Na;COs3, H>0, and CO;, undergo a natural phase separation
without input of work. All heat exchangers are ideal, all sub-
stances are pure, and all reactions achieve chemical equilibrium.
Parasitic energy consumption, e.g. solids transport and air pump-
ing, has been omitted from consideration. In practice, pumping
work, heat transfer irreversibilities, and material impurities
result in a reduction of the process efficiency. The use of carrier
gas required for transporting CO, out of the reactor during the
decomposition processes has been neglected. Baseline opera-
tional parameters and mass/energy balances are summarized in
Table 1. The energy balances of Cycles 1, 2, and 3 were carried
out based on the enthalpy difference of mass flow in and out
of each module. The total energy requirements for Cycles 1, 2,

CO;- depleted air Heat
ambient air Reactor | NaHCO, Ee:‘gg’ '_' M’:ge
CO, + NaOH =NaHCO, s
0.5(Na,CO4+CO, + H,0)
A
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NaOH
Heat Reactor IV | ¢0:5Na,CO,
=====q  0.5Na,CO,+0.5H,0= » Ill.Heat Exchanger
NaOH+CO, 0.5C0O, 0.5CO, to storage

Fig. 6. Schematic of the thermochemical Cycle 2 for CO, capture from air.
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Table 1
Baseline operational parameters and mass/energy balances for the capture of 1 mol/s of CO; from air
Cycle Module Nr Temperature (°C) Mass flow (kg/h) Power (kW)
1 1. Carbonator NaOH (s) in 25 144
Polluted air/CO; in 25 208568.4
NaHCOs3(s) out 25 604.9
CO,-dep. air/out 25 208409.9
Reaction (2) 25 —131.5
II. Decarbonator NaHCOs(s) in 25 604.9
H,O out 200 324
CO; out 200 79.2
Na,COs (s) out 200 190.8
Reaction (3) 200 85.1
III. Heat exchanger CO, in 1400 79.2
Na,COs; (s) in 200 190.8
CO; out 240 79.2
Na,COs (s) out 590 190.8
46.7
IV. Decarbonator Na,COs3 (s) in 590 190.8
Na,O (g) out 1400 111.6
CO; out 1400 79.2
Reaction (4) 1400 396.1
V. Hydrolyser Na,O (g) in 1400 111.6
H,O in 200 324
NaOH (s) out 727 144
Reaction (5) 727 —268.09
Loss by cooling —81.58
Total energy requirement for endothermic reactions 481.2
2 I. Carbonator NaOH (s) in 25 144
Polluted air/CO; in 25 208568.4
NaHCOs;(s) out 25 604.9
CO,-dep. air/out 25 208409.9
Reaction (2) 25 —131.5
II. Decarbonator NaHCOs3(s) in 25 604.9
H,0 out 200 324
CO; out 200 79.2
Na,COs (s) out 200 190.8
Reaction (3) 200 85.1
III. Heat exchanger CO, in 700 79.2
Na,COs (s) in 200 190.8
CO; out 240 79.2
Na,COs (s) out 360 190.8 27.5
IV. Hydrolyser Na,COs3 (s) in 360 190.8
H;O in 200 324
NaOH (s) out 700 144
CO; out 700 79.2
Reaction (2-reverse) 128
Loss by cooling —81.58
Total energy requirement for endothermic reactions 213.1
3 1. Carbonator Na,COs3 (s) in 25 381.6
Polluted air/CO; in 43.8 208568.4
H;Oin 25 64.9
NaHCOs3(s) out 50 604.9
CO,-dep. air/out 50 208409.9
Reaction (4-reverse) 50 232.3
II. Decarbonator NaHCOs;(s) in 66.7 604.9
H,0 out 200 64.9
CO,; out 200 158.4
Na,COs (s) out 200 381.6
Reaction (3) 200 157.81
III. Heat Exchanger Polluted air/CO; in 25 208568.4
CO,-dep. air/in 50 208409.9
Polluted air/CO, out 43.8 208568.4
CO,-dep. air/out 30 208409.9 190.8
IV. Heat Exchanger CO; in 200 158.4
NaHCOs;(s) in 50 604.9
CO; out 90 158.4
NaHCOs5(s) out 66.7 604.9 14.08
Loss by cooling —25.5
Total energy requirement for endothermic reactions 390.1
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Fig. 7. Schematic of the thermochemical Cycle 3 for CO; capture from air.

and 3, i.e. the sum of the enthalpy changes of the endothermic
reactions, are 481.2, 213.1, and 390.1 kW/mol/s CO; captured,
respectively.

4. Thermogravimetric analysis
4.1. Experimental set-up

Experimentation was carried out in a thermogravimeter sys-
tem (TG, Netzsch STA 409 CD) equipped with two furnaces:
a conventional high-temperature electric furnace with a maxi-
mum working temperature of 1550 °C and suitable for reactive
atmospheres having a dew point below room temperature, and a
special electric furnace with a maximum working temperature
of 1250 °C and suitable for reactive atmospheres containing up
to 100% steam at 1 bar total pressure. The reactive gas enters
the furnace chamber and flows upwards past a thin layer of solid
reactant mounted on a 17 mm-diameter Al, O3 crucible. The cru-
cible is equipped with a thermocouple of type S that provides
direct temperature measurement of the sample. The mass flow
rates of the reactive gas are adjusted by electronic flow con-
trollers for Ar, CO», and water (Vogtlin Q-FLOW, Bronkhorst
LIQUI-FLOW). Product gas composition at the TG exit is ana-
lyzed every 60 s by gas chromatography (2 channel Varian Micro
GC, equipped with Molsieve-5A and Poraplot-U columns). For
the dynamic runs, the sample was heated at a rate of 20 K/min to
the desired temperature while being subjected to a constant reac-
tion gas flow. For the isothermal runs, the sample was heated to
the desired temperature under Ar, kept for 20 min at isothermal
conditions to ensure stabilization, and then subjected to a con-
stant reaction gas flow under isothermal conditions. Typically,
60 mg of powder were placed on the sample holder. The specific
surface areas of NaOH and NaHCO3 samples, determined by
BET (Micromeritics, TriStar), were 3.54 and 10.07 m?/ g, respec-
tively. Synthetic air containing 500 ppm of CO, mixed with Ar
at a total flow rate of 180 ml/min was constantly supplied to the
furnace during the carbonation runs.

The reaction extent X for the carbonation of NaOH is defined
as:

nNaoH(f)

XNooH=1— —— )
NINaOH,0

where nN,0H,0 and nNaoH(f) are the number of moles of NaOH
initially and after reaction time ¢, respectively. The extent of
other reactions is defined analogously.

4.2. Experimental results

Fig. 8 shows the temperature, the relative weight increase
of NaOH (measured by TG), and the CO; concentration at the
exit (measured by GC) for the carbonation of NaOH during
an isothermal TG run at 25 °C and atmospheric pressure. The
NaOH carbonation reaction, applied in Cycles 1 and 2, occurs
according to reaction (2). No other compounds are formed
except NaHCO3, as it will be proved in the analysis that fol-
lows. The total amount of CO, captured after 240 min was
1.2 x 10~* mol when based on the integration of the CO; curve
recorded by GC [38], and 1.1 x 10~* mol when based on the
mass increase recorded by TG. After 240 min of the experiment,
the reaction extent amounts to Xna,0n = 0.09.

Fig. 9 shows the temperature, the relative weight increase
of NapCOj3, and the CO;, concentration at the exit for the
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Fig. 8. Relative weight increase of NaOH and CO; concentration at the exit dur-
ing an isothermal TG run for the NaOH carbonation with synthetic air containing
500 ppm at 25 °C and atmospheric pressure.
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Fig. 9. Relative weight increase of Na,CO3 and CO, concentration at the exit
during an isothermal TG run for the NayCO3 carbonation with synthetic air
saturated with water at 50 °C and atmospheric pressure.

carbonation of NayCOs3 during an isothermal TG run with
synthetic air saturated with water at 50°C and atmospheric
pressure. The water concentration is maintained at 6.2% by
saturating the synthetic air flow with a humidifier at 50 °C.
The NayCO3 carbonation reaction, applied in Cycle 3, occurs
according to reaction (3). The reaction extent reaches only 3.5%
after 120 min. The total amount of CO; captured after 120 min
was 2.38 x 107> mol when based on the integration of the CO,
curve recorded by GC, and 2.02 x 105 mol when based on the
mass increase recorded by the TG. No detectable carbonation of
Nay;COs3 was observed in the temperature range 40—70 °C with
water concentration of 1.6%. Fig. 10 shows the XRD patterns
of the products of the TG run of Fig. 9. Trona or Wegscheider’s
salt were not detected among the products. Mass balance further
supports that the formation of these slats was negligible.

Fig. 11 shows the relative weight decrease of NaHCO3, and
the CO, concentration at the exit for the decomposition of
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Fig. 10. XRD patterns of the products of the carbonation of Na;CO3 (sample
data; Fig. 9), and of trona and Wegscheider’s salts.
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Fig. 11. Relative weight decrease of NaHCOs3, and CO; concentration at the
exit during a dynamic TG run for the NaHCO3; decomposition in Ar.

NaHCO3 during adynamic TG run in Ar in the 25-530 °C range.
Full decomposition (Am=99.97%) of NaHCO3; was achieved
in 3min in the temperature range from 90 to 200°C. The
NaHCOs3 decomposition reaction, applied in all three cycles,
occurs according to reaction (3-reverse). No NaOH is reformed.
This result is consistent with previously reported data [32,33].
The total amount of CO, released was 3.99 x 10~* mol when
based on the integration of the CO; curve recorded by GC and
3.84 x 10~* mol when based on the mass decrease recorded by
TG.

Fig. 12 shows a combined carbonation/decomposition
run that was performed for the purpose of elucidating the
NaOH-CO; interaction. The carbonation of NaOH with syn-
thetic air was firstly studied in an isothermal TG run at 25°C
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100 y . L L = 0
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Fig. 12. Relative weight increase and temperature during a combined
carbonation-decomposition run. The carbonation of NaOH with synthetic air
was firstly studied in an isothermal TG run at 25 °C during 300 min. Afterwards,
synthetic air flow was stopped and the decomposition of the formed products
was studied in an dynamic TG run at a heating rate of 20 °C/min.
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Fig. 13. Relative weight decrease of Na,CO3, and CO; concentration at the exit
during a dynamic TG run for the Na;CO3 decomposition in Ar.

during 300 min. Afterwards, synthetic air flow was stopped and
the decomposition of the formed products was studied in an
dynamic TG run at a heating rate of 20 °C/min. After 12 min,
at 300 °C, the decarbonation was completed, as attested by no
change in the sample weight. Assuming that NaHCOs is the only
species formed after the carbonation process according to reac-
tion (2), mass balance of the carbonation part of the run yields a
reaction extent is 9.43% after 5 h, which corresponds to a yield of
13.1 mg of NaHCO3. Mass balance on the decarbonation part of
the run yields 12.99 mg of NaHCOs3. Thus, NaHCOg3 is the only
species formed during NaOH carbonation under the given con-
ditions. The decomposition of NaHCOj3 proceeded according
to reaction (3-reverse) to form Na,CO3 (SSAZ of 0.177 mz/g),
CO; and H,O.

The decomposition of NapCO3 was subsequently studied to
identify possible routes for NaOH regeneration. Fig. 13 shows
the relative weight decrease of NayCOs3, and the CO; concen-
tration at the exit for the decomposition of Na;CO3 during a
dynamic TG run in Ar in the 25-1400 °C range. An Al,O3 cup-
crucible was used as sample holder to prevent the loss of Na; CO3
and NayO during melting. A 41.8% relative mass loss occurred
in 15 min at 1000-1400 °C due to the release of CO; and the
conversion of NayCO3 to NayO [39,40]. The total amount of
CO, released after 15 min of reaction was 5.98 x 10~% mol when
based on the integration of the CO; curve, and 5.83 x 10~% mol
when based on the mass decrease. Thus, the reaction proceeds
to completion according to reaction (4), yielding NayO(l) —
which solidifies during cooling — and CO», as observed earlier
[23,25-27].

Finally, a direct way to recover NaOH from Na,CO3 would
be according to the reaction (1-reverse), applied in Cycle 2.
Fig. 14 shows relative weight decrease of NayCO3 and CO»,
concentration at the exit for the hydrolysis of NayCO3 with a
146 ml/min flow of 50% H,O in Ar during an isothermal TG run

2 Determined by BET, Micromeritics, TriStar.
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Fig. 14. Relative weight decrease of Na;CO3 and CO; concentration at the exit
during an isothermal TG run for NayCO3 hydrolysis with 50% of water vapor
in Ar at 700 °C and atmospheric pressure.

at 700 °C and atmospheric pressure. A 8.7% relative mass loss
occurred after 3 h, corresponding to a reaction extent of 35.2%.
The product of the reaction is NaOH(l), which solidifies during
cooling. The total amount of CO, released after 180 min was
1.87 x 10~* mol when based on the integration of the CO, curve
recorder by GC, and 2.07 x 10~* mol when based on the mass
decrease recorded by TG. The inconsistency in the mass balance
is attributed to partial gasification of NayCO3 during heating. No
reaction was observed for similar runs at temperatures below
650°C.

5. Discussion and conclusions

Three closed-material thermochemical cycles for CO, cap-
ture from air were examined. Cycles 1 and 2 are based on the
carbonation of NaOH to NaHCO3, whose reaction extent with
500 ppm CO3 in air at 25 °Creached 9% after 4 h. Complete ther-
mal decomposition of NaHCOs3 into NayCO3, CO,, and H,O
was achieved after 3 min in the 90-200 °C range, while com-
plete thermal decomposition of Na;CO3 into Na,O and CO»
was achieved after 15 min in the 1000-1400 °C range. Finally,
NaOH is regenerated by steam-hydrolysis of NayO. Alterna-
tively, Cycle 2 applies the direct hydrolysis of NayCO3 without
intermediate step, whose reaction extent reached 35.2% after 3h
with 50% H;O in Ar at 700 °C. Cycle 3 is based on the reversible
carbonation of Na, COj3 to form NaHCO3, whose reaction extent
reached only 3.5% after 2h with water-saturated synthetic air
at 50 °C and atmospheric pressure (6.2% water concentration).
The slow reaction rate of the carbonation steps for all cycles
considered impedes the application of Na-based sorbents.

A preliminary evaluation of the dimensions of the carbonator
is carried out to estimate the feasibility of the CO, absorption
process from air using Na-based sorbents and to compare it with
the previously suggested cycles using Ca-based sorbents [1,2].
In Cycle 3, about 2.6% of NayCOj3 carbonates into NaHCO3
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after 100 min (Fig. 9). The required mass flow rate of the sor-
bent fed to the absorber for capturing 1 mol/s of CO, would
be then 4.07 kg/s of NapCOs3. Considering that this reaction
extent is reached after 100 min, the inventory of Na;CO3 in
the carbonator would amount to 24 tonnes, making the process
technically and economically unfeasible. Similarly, for Cycles
1 and 2, the inventory of NaOH in the carbonator would amount
to 3.4 tonnes. In contrast, Ca-based sorbents are advantageous
because of their higher conversion rates and yields, thus lower-
ing the inventory of solids, but at the expense of higher required
carbonation temperatures. For example, 40% of Ca(OH), and
80% of CaO (in presence of water vapor) carbonates to CaCO3
after 100 min at 450 °C [2]. In this case, the mass flow rates of
Ca(OH); and CaO for capturing at arate of 1 mol/s of CO, would
be 0.2 and 0.07 kg/s (with 19.6 kg/s of water vapor), respectively,
and the inventory of solids Ca(OH), and CaO in the absorber
would be 1202 and 425 kg, respectively.
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