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Abstract

In this study, the CO, adsorption properties of different metal mixed oxides (MMO) obtained by calcination of different
layered double hydroxides (LDH) are addressed. Four types of LDH, with composition [M%fXMi+(OH)2]X+-[ ‘;/’n
mHzO]xf, where M>*=Zn, Cu, Ni, M3+=Al, x=033,n=2and A = CO%f, were studied by X-ray diffraction, Fourier
transform infrared spectroscopy, scanning electron microscopy and thermogravimetric analysis coupled with mass spec-
trometry (TG-MS). Different thermal behaviors upon heating were observed depending on the LDH composition, resulting
in the exploitation of different calcination temperatures to convert LDH into mixed metal oxides (MMO). MMO were
exposed to ambient air or pure carbon dioxide atmosphere to evaluate CO, adsorption properties. Aging in ambient
condition leads to adsorption of both CO, and water, from ambient moisture, with variable ratios depending on the MMO
composition. Furthermore, all the MMO were demonstrated to be able to adsorb CO, in pure gas stream, in the absence of
moisture. In both ambient and pure CO, conditions, the performance of MMO is strongly dependent on the metal
composition of MMO. In particular, the presence of Cu in the structure turned out to be beneficial in terms of adsorption
capacity, with a maximum mass gain for CuAl MMO of 4 and 15% in pure CO, and in atmospheric conditions,
respectively.
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Introduction mesoporous inorganic materials [10]. Layered double

hydroxides (LDH) [11], also known as hydrotalcite-like

Different materials can be exploited for the CO, adsorption
[1], including zeolites [2, 3], silicoaluminophosphates [4],
activated carbons [5-8], metal-organic frameworks [9],
porous polymers and amines, typically supported over
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compounds or anionic clays, appear to be very interesting
as precursors for the preparation of CO, adsorbers, owing
to both chemical structure and high surface area. LDH
consist of positively charged brucite-like layers balanced
by exchangeable anions in the interlayer. LDH have the
general formula:

M%txMz+ (OH)Z : (CO3)X/2 : mHZO (l)

where M (Al, Fe, Cr, Ga) partially substitutes M>* (Ni,
Mg, Zn, Cu, etc.) in the octahedral positions of the brucite-
like hydroxides layers. A" is the interlayer anion (CO3",
NO*~, SO;~, CI™, OH™, etc.). The value of x [x = M>*/
(M*T4+M?M)] normally ranges between 0.17 and 0.33
[11-15]. It is worth noting that LDH composition can be
finely tuned, and ternary LDH (where MiT, is a combi-
nation of two bivalent metals) can be synthetized [16-20].
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Thermal decomposition of these clays, particularly that of
carbonate-exchanged LDH, was described to occur in three
steps [21-23]: (1) release of the interlayer and the adsorbed
water to obtain a metastable structure, (2) dehydroxylation
of the brucite-like layers and (3) decomposition of the
carbonates leading to the formation of metal mixed oxides
(MMO). However, other authors divide the thermal
decomposition of LDH in two stages: In the first one, at
temperatures lower than 200 °C, the interlayer and the
physisorbed water are lost, while in the second stage both
CO, and structural water are simultaneously eliminated
[24-26]. The dehydration and decarbonation of a LDH
result in the formation of MMO:

M M; " (OH), - (CO3), ), -mH,0
— MMO + CO; + H,O (2)

Even though there is no doubt that MMO heated at rela-
tively low temperatures retain a structural homogeneity,
the local ordering mechanism is not well understood. In a
review, Forano et al. [11] proposed some different models
for local ordering or segregation in the calcined LDH: One
implicates the formation of layered double oxides [6] that
can be intercalated by anions, whereas another model
involves the formation of a pre-spinel phase. However,
several studies report that at lower calcination tempera-
tures, the segregation of oxidized phases including tenorite
(CuO), cuprite (Cu,0), periclase (MgO), zincite (ZnO),
maghemite (y-Fe;03), etc., depending on the composition
of the starting LDH [27, 28], is expected. Furthermore,
when the calcination temperature is further increased, the
diffusion of the trivalent metal into the bivalent oxides
leads to the formation of spinels, i.e., to the loss of layered
structure. The use of MMO as carbon dioxide adsorbers at
high temperatures is widely discussed in the literature,
mainly as gas separator from industrial fuel gases in power
plants [29-33]. For instance, Wang et al. [34] showed good
performances of these materials in the temperature range
between 200 and 400 °C. The CO, adsorption efficiency
depends on a wide number of variables, including the
calcination temperature [23, 29], the interlayer anions [30],
the type of trivalent metal ions [35] and the aluminum
content [32]. Reddy et al. [29] as well as Hutson and
Attwood [30] showed that two different mechanisms of
adsorption are possible: reversible physisorption, which
generally gives the higher contribution, and irreversible
chemisorption. A few papers deal with the adsorption
kinetic of MMO, with consistent results: The adsorption
saturation typically occurs in few hours; however, in less
than 10 min the 60-70% of the overall CO, adsorption
capability is usually reached [23, 33, 35].
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In this study, the CO, adsorption properties of MMO
obtained from LDH containing different bivalent metals
(Zn, Cu, Ni) are studied at ambient temperature and pres-
sure, aiming at applications for CO, scavenging at room
temperature. Adsorption and desorption were evaluated by
a simple gravimetric method using TGA in variable tem-
perature and gas.

Experimental
Synthesis and characterization of LDH and MMO

Four different kinds of LDH were synthesized in carbonate
form, containing one bivalent and one trivalent metal ion
(binary LDH) or two bivalent and one trivalent metal ion
(ternary LDH) in the brucite-like layers.

LDH containing Zn and Al (labeled as ZnAl), Zn, Cu and
Al (labeled as ZnCuAl), and Ni and Al (labeled as NiAl) were
synthesized by the urea method [36]. Briefly, 0.5 M aqueous
solutions of AI(NO3)3-9H,0 and Zn(NOs),-6H,O (for the
synthesis of ZnAl), AI(NOs3);-9H,0, Zn(NOs3),-6H,0 and
Cu(NO3),-3H,0 (for the synthesis of ZnCuAl), or
AI(NO3)3-9H,0 and Ni(NOj3),-6H,0 (for the synthesis of
NiAl) in the proper volume ratio were added to solid urea, in
molar ratio 10 versus Al, and then refluxed for 3 days.
Finally, LDH were separated from the mother solution by
centrifugation. Precipitates were then washed twice with
deionized water and dried in oven at 80 °C.

LDH containing Cu and Al (CuAl) were synthesized by
the co-precipitation method. Solutions 0.5 M of
AI(NO3)3-9H,0 and Cu(NOs3),-3H,O were mixed in the
proper volume ratio; a NaOH solution 1 M was added at
room temperature under stirring until pH = 8 was reached.
At this point, LDH were separated from the solution by
centrifugation. Precipitates were washed twice with
deionized water and dried in oven at 80 °C.

Metals content in the different LDH was determined by
inductively coupled plasma optical emission spectrometer
(ICP-OES) Varian 700-ES, after dissolving the samples in
concentrated HNO5 and properly diluting them.

X-ray diffraction (XRD) analyses were performed at
room temperature using a X'Pert (Philips, NL) X-ray
diffractometer (4(CuK,) = 1.540562 A)in configuration 6/
0 on powders. XRD data were recorded in the 5°-80° 260
range with a scan rate of 1° min~"'. No filtering was carried
out on XRD spectra, which are reported as obtained. The
LDH’s lattice parameters, a and ¢, were determined using the
following formulas: a = 2d;;9 and ¢ = (3dyp3 + 6doos)/2
[37]. The mean coherence length, L, was calculated from the
FWHM values of the (003), (006) and (110) diffraction lines
using the Scherrer equation.
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Fourier transformed infrared spectroscopy (FTIR)
experiments were carried out by a Frontier FTIR spec-
trometer (PerkinElmer, USA). Nanoparticles were mixed
with KBr (< 1 mass% of LDH in KBr) to prepare KBr
pellets. Spectra were collected in transmission mode at
room temperature in the range 4000400 cm ™' (16 scans
and 4 cm ™! resolution).

The morphology of the samples was investigated with a
FEG LEO 1525 field-emission scanning electron micro-
scope (FE-SEM). FE-SEM micrographs were collected
after depositing the samples on a stub and sputtering a
chromium coating for 20 s.

Calcination

The calcination temperatures were selected based on the
temperature measured in TGA (PerkinElmer Pyris 1,
10 °C min~ !, air stream, 10 % 0.5 mg, platinum crucibles)
for complete elimination of structural water upon heating.
Once the temperature was selected, isothermal calcination
treatments were carried out in a muffle for 90 min in air,
using Al,O; crucibles. The calcined LDH were then took
out from the oven, fast cooled to room temperature and put
into an hermetically closed vial under nitrogen (N;) to
prevent undesired CO, adsorption.

The as-obtained MMO are identified as ZnAlO,
ZnCuAlO, CuAlO and NiAlO, depending on the starting
LDH.

CO, adsorption measurement

Two different experimental methods were exploited to
evaluate the CO, adsorption capability of MMO:

1. After calcination in the muffle, MMO were exposed
for 7 days in ambient air conditions (23 °C, 50% RH).
Then, CO, desorption was studied by heating samples
(10 £ 0.5 mg) in a thermogravimetric analyzer (TGA)
(TGA/SDTAS851e, Mettler-Toledo, CH) from 25 °C up
to the calcination temperature, at 10 °C min_l, argon
flux (50 mL min_l), Al,O5 crucible. The amount of
adsorbed CO, was indirectly calculated by the differ-
ence between gases evolved on heating after/before
exposure. TGA was equipped with a mass spectrom-
eter (ThermoStarGSD 300 T3 mass spectrometer,
Pfeiffer Vacuum, D) to characterize gases released
by MMO;

2. LDH were directly calcined in a TGA (TGA Q500, TA
Instrument, USA) followed by immediate exposure of
the as-obtained MMO to pure CO, flux in the TGA to
measure online the mass increase associated with the
CO; adsorption. The complete procedure is reported as
follows:

e LDH (about 10 mg) were calcined for 90 min at
the selected temperature under nitrogen flux
(60 mL min~"), obtaining MMO;

e After calcination, the furnace was cooled at 35 °C
in nitrogen;

e Then, the gas flux was switched to pure carbon
dioxide (60 mL min~") for 120 min at 35 °C';

e The gas was switched again to nitrogen
(60 mL min_l) and the desorption was carried
out for 120 min at 35 °C;

¢ Finally, a temperature ramp from 35 to 800 °C at a
heating rate of 10 °C min~', under nitrogen flux
(60 mL min~"), was used to analyze the amount of
chemisorbed CO,.

Results and discussion
LDH characterization

The CO, adsorption properties of MMO are directly related
to their composition and structure that depend on the
characteristics of pristine LDH, as well as on the calcina-
tion temperature. For this reason, in this first section a
thorough characterization of LDH will be carried out. The
cation composition of the as-prepared LDH was deter-
mined by means of ICP-OES measurement on samples
dissolved in nitric acid. The results are reported in Table 1
and show that the measured molar ratios of cations are
close to the designed amount of metals. X-ray diffraction
patterns of pristine LDH are reported in Fig. 1, whereas the
LDH lattice parameters, a and c, and the mean coherence
length, L, calculated from XRD analysis are reported in
Table 1. ZnAl, ZnCuAl and CuAl spectra show the typical
profile of hydrotalcite-like materials intercalated with car-
bonate anions [38], indicated by the presence of 003 and
006 planes reflection located at 20 = 11.63° (~ 7.61 A)
and 23.25°, respectively. Furthermore, these three LDH
exhibit comparable a and ¢ parameters, which can be
explained by the similar atomic radius of the bivalent
cations (73 and 72 pm for Cu®*" and Zn*", respectively
[39]). Instead, the reflection for the (003) planes of NiAl is
located at 20 ~ 10.95°, i.e., about 8.08 A, with the a and
¢ parameters equal to 0.307 and 2.415 nm, respectively.
While the value of the a parameter is close to those mea-
sured for the other LDH, explained by the ionic radius of
Ni** (69 pm [39]) close to those of Cu?* and Zn**, the
higher ¢ parameter reflects the higher interlayer distance,
owing to the presence of nitrates in the interlayer region
[38], caused by an incomplete ion exchange (from nitrate

' This temperature was selected as the lowest possible temperature
for the instrument and is sufficiently close to the ambient temperature.
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Table 1 Cation composition, lattice parameters, a and ¢, and mean
coherence length, L, of the as-prepared LDH

LDH Cation content/mol% Lattice parameters
Zn Cu Ni Al a/nm c¢/nm L/nm
ZnAl 67 - - 33 0.307 2280  28.0
ZnCuAl 8 60 - 32 0.307 2282  24.1
CuAl - 67 - 33 0.305 2.271 24.9
NiAl - - 67 33 0.307 2415 10.7
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Fig. 1 XRD patterns for ZnAl, ZnCuAl, CuAl and NiAl pristine
LDH. The symbol (square) indicates malachite reflections

to carbonate) during NiAl LDH synthesis. However, NiAl
LDH containing carbonate ions were reported in the liter-
ature also with an interlayer distance ranging between 7.9
and 8.0 A [36, 40], hence close to the value measured in
the present paper. ZnAl, ZnCuAl and NiAl are constituted
by pure hydrotalcite phase, whereas the XRD patterns of
CuAl LDH contain several extra peaks, evidencing the
presence of malachite (Fig. 1), a copper hydroxide car-
bonate [41-43]. The lower stability of the copper-con-
taining hydrotalcite phase and the subsequent formation of
malachite can be explained by the Jahn—Teller effect in the
Cu*" ion [44]. Therefore, in the ternary ZnCuAl LDH the
copper concentration was kept below the limit of 25% of
the total metal mole content to avoid the formation of
malachite, as previously reported by Costantino et al. [18].
The mean coherence length, L, which is related to the
structure ordering, was evaluated from broadening of LDH
(003), (006) and (110) diffraction lines using the Scherrer
equation. ZnAl, CuAl and ZnCuAl LDH exhibit L values in
the range 24-28 nm, with the highest value for ZnAl,
whereas the calculated L for NiAl is 10.7 nm.

@ Springer

The FTIR spectra (Fig. S1) of LDH provide information
about the anion type in the interlayer region. In particular,
two peaks appear in the nitrate/carbonate region
(1350-1400 cm™ ") for all the LDH, with the exception of
CuAl, which exhibits only one peak centered at
~ 1385 cm™'. This peak is assigned to the v; mode of
CO%‘ [38]. All the other LDH exhibit the presence of a
second peak, centered at ~ 1355 cm™'. This peak is
assigned to the v3; mode of NO3 [33], thus suggesting an
incomplete nitrate/carbonate exchange during the synthesis
of LDH. Indeed, the intensity of this peak is higher in NiAl,
thus further proving a high content of nitrates in the
interlayer region of this LDH. However, in the literature
the location of the vibration peaks of carbonate and nitrate
ions is highly controversial, as the v; mode of NO3 and
CO3~ was also reported to occur at ~ 1380 and
1360 cm ™', respectively [26, 45, 46].

The morphology of the synthesized LDH was investi-
gated by FE-SEM (Supplementary Information, Fig. S2).
ZnAl (Fig. S2a) and NiAl (Fig. S2d) exhibit flat- and
hexagonal-shaped crystals, with a thickness of some tens of
nanometers and lateral size within the range 500-5 pm.
ZnCuAl (Fig. S2b) is formed by irregular lamellar structure
and a particle size < 500 nm. CuAl (Fig. 2) is character-
ized by the presence of two kinds of crystals (in agreement
with XRPD) related to the presence of LDH and Malachite
phases.

Thermal decomposition of LDH

The study of the thermal decomposition was preliminarily
carried out to select the temperatures required for the cal-
cinations of the different LDH. Indeed, the calcination
temperature is crucial to obtain a high specific surface area
and sufficient basicity of the adsorbing sites on the surface.
According to previously reported results [23, 29, 32], the
calcination temperature should be high enough to dehy-
drate and decarbonate the structure to MMO while

90 ZnAl
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Fig. 2 ZnAl TGA mass, mass loss rate (MLR) and related MS plot
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Fig. 3 ZnCuAl TGA mass, mass loss rate and related MS plot

avoiding the formation of spinel structure, which may be
obtained at high temperature and which is not reversible to
LDH [11].

The thermal decomposition was studied by TGA cou-
pled with the mass spectrometer (TG-MS). TGA mass and
mass loss rate (MLR) plots as well as selected MS plots for
each material are reported in Figs. 2-5. MS plots of interest
are m/z = 18 for H,O, m/z = 30 for NO and m/z = 44 for
CO;; no other products were identified in the evolved gases
by the analysis of the several other m/z signals.

ZnAl LDH (Fig. 2) showed the onset of thermal
volatilization at about 150 °C, the mass loss at this tem-
perature being about 2 mass%. Above 150 °C, water and
CO, are simultaneously released in two partially overlap-
ping steps. The first one is observed between 150 and
200 °C, probably related to the degradation of bidentate
carbonates and the few remaining nitrate groups, whereas
the second one occurs in the temperature range from 200 to
400 °C, assigned to monodentate carbonates [23]. At the
end of these two steps the mass loss by ZnAl was about
27 mass%. Above 400 °C a progressive slow mass loss is
observed to a total of 30 mass% at 600 °C, which is con-
sistent with the theoretical mass loss for the conversion of
ZnAl LDH to the oxide, i.e., about 33%. During this high-
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Fig. 4 CuAl TGA mass, mass loss rate (MLR) and related MS plot
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Fig. 5 NiAl TGA mass, mass loss rate (MLR) and related MS plot

temperature mass loss, CO, is continuously released over
the entire temperature range, with no other associated
products detectable.

Thermal volatilization of ZnCuAl is reported in Fig. 3:
H,O and CO, release starts at about 60 °C, whereas above
250 °C NO is released in traces, evidencing the presence of
few residual nitrate groups from the synthesis of this LDH.
Finally, above 500 °C a second minor CO, release is
observed, which might be related to monodentate carbonate
anions. The residue at 600 °C is about 72 mass%, which is
slightly higher than the theoretical conversion to oxide
(theoretical residue = 68%).

Thermal decomposition of CuAl (Fig. 4) can be divided
into two main steps. The first mass loss, observed until
200 °C, corresponds to interlayer water loss coupled with
initial development of CO,. In the second step, between
200 and 400 °C, a further loss of about 20 mass% of the
initial mass is observed, mainly due to the release of carbon
dioxide. NO was not detected, and no other relevant
products are released on heating, leading to a residue of
about 68 mass% at 600 °C, which is consistent with the
theoretical residue (about 67 mass%).

NiAl LDH (Fig. 5) shows a more complex decomposi-
tion pathway: In the first step (50-150 °C) weakly adsor-
bed water is mainly released; in the second step
(150-250 °C) interlayer water and weakly bonded car-
bonate ions are volatilized; above 250 °C, the main dehy-
droxylation and decarbonation step occurs, partially
overlapped with the release of NO, evidencing the coex-
istence of carbonate and nitrate LDH forms, accordingly
with XRPD and FTIR analyses. At 600 °C the decompo-
sition of NiAl LDH is completed with a residue of about
64 mass%, in good agreement with the theoretical value,
1.e., 66 mass%.

Based on the TGA and MS evidences, the endset tem-
peratures for the decarbonation/denitration were taken as
the calcination temperatures, to be carried out in isothermal
conditions. At the end of the isothermal treatments, resid-
ual weights obtained were quite consistent with theoretical
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Table 2 Calcination temperatures for the different LDH

LDH Calcination Residue at the Theoretical
temperatures/°C end of isothermal residue/%
treatment/%
ZnAl 350 71.3 67
ZnCuAl 400 70.5 68
CuAl 400 63.9 67
NiAl 450 63.2 66

predictions and residues obtained after heating in TGA
(Table 2). Deviations in the final residue may be due to
impurities in the LDH, either as a different balance
between carbonate and nitrate forms or as minor inclusions
of second phases, theoretical residue calculation being
calculated on ideal carbonate LDH.

Characterization of MMO

MMO freshly obtained from calcination were characterized
by XRPD and SEM, in order to evaluate crystalline and
structure evolution during calcination, as well as by FTIR
and TGA, to study gas adsorption during rapid cooling to
room temperature at the end of thermal treatments.

XRD diffraction patterns for the different MMO
(Fig. S3) show dramatic changes in the crystalline structure
respect to pristine LDH (Fig. 1). Indeed, the reflections
typical for brucite-like layers in LDH disappeared, whereas
new peaks are observed, hence evidencing the formation of
metal mixed oxide phases. This structural evolution can be
expected, owing to the decarbonation/denitration and
dehydroxylation occurring upon thermal heating of LDH,
with the loss of the LDH structure at temperature close to
200 °C and the formation of different crystalline phases
depending on the calcination temperature, as reported in
the literature [12, 28, 37, 47-49]. In particular, comparing
TG-MS data and XPRD data in the present work with
in situ XRPD reported by Jablonska et al. [28], for ZnAl
and ZnCuAl systems, Alejandre et al. [49], for CuAl LDH,
and Alejandre et al. [48], for NiAl systems, showed the
complete loss of LDH order at temperatures higher than
150 °C, with the formation of mixed oxides including
zincite (ZnQO), tenorite (CuO) and bunsenite (NiO),
whereas spinel phases are obtained at higher temperatures.
Despite the evolution in the crystalline structure of MMO,
no significant morphological alterations were observed
after calcination of LDH, as SEM micrographs (Fig. S4)
show similar morphologies between LDH and fresh MMO,
with crystals agglomerates exhibiting lateral size in the
range 200-2 um and thicknesses of few tens of nanome-
ters. FTIR analysis (Fig. S5) evidences the almost complete
release of water molecules. Indeed, the broad adsorption
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band at 3400-3500 cm™ !, corresponding to the voy
vibration, and the peak at ~ 1640 cmfl, related to the
onon of water molecules, disappear after calcination of the
different LDH. Furthermore, no clear signals owing to the
presence of carbonate or nitrate anions are visible in ZnAl,
ZnCuAl and NiAl, whereas the presence of a peak centered
at ~ 1385 cm™! (v; mode of CO37) in CuAl indicates for
an incomplete decarbonation. The presence of carbonates
after calcination was observed also in the literature for
ZnAl LDH and related to the partial persistence of the
layered structure [50]. On the other hand, the release of
CO,; upon thermal decomposition of malachite was repor-
ted to occur at temperatures lower than the calcination
temperature exploited in the present paper for CuAl LDH
[51, 52]. Finally, thermogravimetric  analysis
(10 °C min~", up to the calcination temperature, nitrogen
atmosphere) performed on fresh MMO (Fig. S6) reveal
about 2-5 mass% mass loss at temperature below 200 °C
for all the oxides, evidencing the physisorption of limited
amount of gases from the atmosphere.

CO, adsorption/desorption of MMO
Ambient atmosphere exposure

Calcined LDH were aged for 7 days in ambient atmosphere
to allow CO, adsorption. After exposure, the mass loss by
MMO was evaluated by TGA by a temperature ramp up to
the calcination temperature, to determine the amount of
desorbed CO, and moisture. As the calculation of relative
amounts of water and CO, adsorbed is not trivial, the two
products being released simultaneously, TGA coupled with
mass spectroscopy was used to detect the presence of CO,
in the desorbed gas from atmosphere-exposed MMO.
Results from thermogravimetry and MS plots for water (m/
z =18) and CO, (m/z = 44) are reported in Figs. 6-9 for
aged ZnAlO, ZnCuAlO, CuAlO and NiAlO, respectively.
TGA plots of aged and fresh MMO are compared to
quantify the amount adsorbed CO, and moisture during the

100 - ZnAlO

rrent/A  MLR/% °C™' Mass/%

4.0x107"°
3.5x10°"°
3.0x107"°
2.5%x107"

3 5

2 1.0x10 - \

= 100 300

200
Temperature/°C

Fig. 6 ZnAlO TGA mass, mass loss rate (MLR) and related MS plot



CO, adsorption and desorption properties of calcined layered double hydroxides 875

ZnCuAlO

Ton current/A MLR/% °C"' Mass/%
o
8

200 300 400

Temperature/°C

100

Fig. 7 ZnCuAlO TGA mass, mass loss rate (MLR) and related MS
plot

ambient exposure. For all the MMO studied, XRPD after
ambient exposure revealed no significant differences
between the fresh and ambient-aged MMO (Fig. S7), evi-
dencing no reconstruction of the initial LDH structure.

Both fresh and aged ZnAlO (Fig. 6) exhibit a mass loss
starting at about 50 °C and completed at 250 °C, corre-
sponding to about 2 and 8 mass% loss, respectively.
However, for fresh LDO only one broad peak with maxi-
mum mass loss rate at about 63 °C is observed, evidencing
only one mass loss step, whereas in aged ZnAlO two clear
peaks (at about 92 and 180 °C) are observed in the MLR
plot, suggesting for two different stages in mass loss.
Indeed, simultaneous release of CO, and water is proven in
aged ZnAlO, evidencing their adsorption from the ambient
atmosphere during exposure. It is worth noting that total
mass loss on heating for the aged ZnAl MMO is much
lower than the one observed in the same temperature range
for the pristine ZnAl LDH (Fig. 2), confirming that the
adsorption of CO, and moisture does not lead to the
reconstruction of LDH structure, at least in the exposure
conditions used in this work.

Aged ZnCuAlO (Fig. 7) releases about 12 mass% of the
initial mass upon heating to 400 °C, which is assigned by
MS signals to carbon dioxide and water vapor, which are
released in two partially overlapped steps in the tempera-
ture range up to the calcination temperature used. Com-
paring ZnCuAlO with ZnAlO, differences are observed in
the total mass loss on heating, reflecting moisture and CO,
adsorption. Therefore, the partial substitution of Zn by Cu
was proven to affect the adsorption properties of LDH,
especially for moisture, as suggested by the water plot in
the MS plot for aged ZnCuAlO.

During desorption on heating from aged CuAlO (Fig. 8),
three release steps are distinguishable in both MLR and MS
curves: The first in the temperature range of about
50-120 °C is mainly related to the loss of water (about
5 mass%), immediately followed by an overlapped mass
loss peak related to the release of CO,. The third mass loss
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Fig. 8 CuAlO TGA mass, mass loss rate (MLR) and related MS plot

step occurs in the broad temperature range between 150
and 300 °C and corresponds to the simultaneous release of
water and carbon dioxide (about 7 mass%). The overall
mass released was measured as about 15 mass%, CuAlO
therefore being more efficient in adsorbing water and CO,
as compared to ZnAlO and ZnCuAlO in ambient atmo-
sphere, which is likely related to the modifications induced
by copper into the MMO structure.

Fresh and aged NiAlO (Fig. 9) release about 3 and
5.5 mass%, respectively, during TGA up to the calcination
temperature, the difference between fresh and aged MMO
suggesting a limited sorption capability in ambient condi-
tions. Furthermore, the mass loss plot for aged NiAlO is
quite different from those of the MMO previously dis-
cussed. Indeed, for NiAlO a single very broad mass loss
step is observable, resulting in a slow and progressive mass
loss caused by CO, releases in the temperature range
50-250 °C, whereas the amount of moisture released is
negligible.

Based on the results presented in this section, the most
effective adsorber in ambient conditions was CuAlQO, fol-
lowed by ZnCuAlO, confirming the importance of Cu
cations for the increase in sorption efficiency. The higher
adsorption properties of CuAlO and ZnCuAlO can be
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Fig. 9 NiAlO TGA mass, mass loss rate (MLR) and related MS plot
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related to the effect of Cu?" on the basicity, which allows
for CO, adsorption [53], of the MMO or on the morphol-
ogy of the pristine and calcined LDH. Indeed,
Kovanda et al. [27] showed an increase in the basic sites
per square meter for CuAlO with respect to MgAlO, which
can explain the higher CO, adsorption capacity of CuAlO.
However, the morphology of copper-containing MMO
might also play a role, as these two materials exhibit a
similar morphology, with the presence of a large amount of
small particles, whereas ZnAlO and NiAlO are made of
larger nanoparticles.

Carbon dioxide flux exposure

To further investigate the CO, adsorption dynamic, treat-
ments in pure CO, atmosphere were carried out in ther-
mogravimetry close to the ambient temperature.

An integrated procedure was used,” including calcina-
tion, CO, adsorption in isothermal conditions (35 °C),
desorption in nitrogen in isothermal conditions (35 °C) and
final heating for complete desorption in temperature ramp.
Isothermal adsorption, isothermal desorption and heating
ramp desorption results are reported in Fig. 10, separately
for each step. In the graphs, initial mass at the beginning of
each step was normalized to 100% for the sake of
comparison.

In Fig. 10a, isothermal adsorption for the different
MMO are presented. Different mass versus time plots were
obtained for the different MMO; a two-step mass increase
was found for all the products, with a first relatively fast in
a few initial minutes, followed by a slower and progressive
mass gain in time. Furthermore, for all the MMO, except
CuAlO, the rate of mass increase in the second step was
found to be approximately constant. The extent of total
adsorbed CO, after the 120-min treatment was found to be
very different for the different MMO, being about 4% for
CuAlO, 3% for ZnCuAlO, 2% for NiAlO and 1% for
ZnAlO.

This trend is not completely consistent with the MMO
ranking in adsorption efficiency in ambient conditions
described above. CuAlO and ZnCuAlO are confirmed as
the most efficient adsorbers, whereas NiAlO and ZnAlO
showed different performances in ambient and pure CO,
conditions. Indeed, while NiAlO seems to be able to adsorb
CO, independently on moisture, ZnAlO seems to be more
effective in ambient conditions, where moisture is avail-
able. This may suggest a different role of water in fixing
CO, on the different LDH structures, which is still not clear
and will require further research efforts.

2 For the detailed description of the method, see Experimental
section.
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To evaluate the strength of CO, adsorption to the MMO
structures, two steps of desorption were studied. In
Fig. 10b, desorption in isothermal conditions (35 °C) with
nitrogen flow is reported, showing negligible mass changes
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for ZnAlO and NiAlO, whereas CuAlO and ZnCuAlO were
found to release about 0.8 and 1 mass%, respectively. The
mass lost by MMO during this desorption step is assigned
to weakly bound, physisorbed carbon dioxide. Therefore,
we can assume that most of the CO, adsorbed by the MMO
during the adsorption step is chemisorbed. In the heating
ramp desorption step (Fig. 10c), thermal desorption peak
occurs at about 100 °C for all the MMO, but the desorption
extent varies for the different LDO, reflecting the extent of
CO, adsorbed; indeed, the mass loss by MMO during
heating is equivalent to the difference between the adsor-
bed and the desorbed in isothermal.

Conclusions

In this paper, the effect of bivalent metal cations (M>"=Zn,
Cu, Ni) on the CO, adsorption properties of metal mixed
oxide (MMO), obtained upon calcination of LDH, was
addressed. The formulations were obtained as well-crys-
tallized LDH structures with the exception of CuAl LDH,
where segregation of malachite was observed in addition to
the expected LDH, explained by the Jahn-Teller effect in
the Cu”" cations. Besides the study of gases evolution,
thermogravimetry showed differences in the temperature
required for the complete release of water and CO, to
obtain MMO. Values ranging between 350 and 450 °C
were measured and selected aiming at the production of
oxides able to capture CO, at room temperature.

After calcination, the sorption of CO, for different cal-
cined MMO systems was indirectly evaluated by thermal
desorption after exposure of MMO in ambient atmosphere
or in pure CO,, by the use of a simple and versatile ther-
mogravimetric method.

When exposed to ambient atmosphere the MMO were
shown to adsorb both carbon dioxide and water. However,
depending on the metal substitution the ratio between CO,
and H,O adsorption is rather variable. In particular, NiAl1O
seems almost insensitive to moisture adsorption, whereas
all other MMO displayed significant moisture adsorbance.
Indeed, depending on the chemical structure, water can
exhibit different tendencies to coordinate the carbon
dioxide.

To decouple water and carbon dioxide adsorption on
MMO, oxides were also exposed to pure CO, stream,
which further confirmed strong differences in the adsorp-
tion amount and rate as a function of the type of bivalent
metal. In particular, the presence of copper in the structure
appears crucial to obtain high adsorption rates (4 mass%
mass gain after 120-min exposure to CO, at 35 °C for
CuAl, the best adsorbent in this study), which appear to be
related to the distortion of the LDH structure (owing to the

Jahn-Teller effect) or to the effect of copper cations on the
basicity of adsorption sites.
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