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a b s t r a c t

The CO2 capture capacity of the superficial oxide layer formed in pure open-cell Mg foams was stud-
ied at low temperatures (40–60 ◦C) varying the relative humidity from 40 to 80%. Mg foam samples
with pore size of 350 �m and surface area of 5.4 m2/g were used for these analyses. Optical microscopy
and X-ray diffraction techniques were used to characterize the cell structure and the superficial oxide
formed in the cell-foams, respectively. The final products formed after the CO2–H2O capture experi-
ments were identified by scanning electron microscopy and attenuated total reflexion-Fourier transform
infrared spectroscopy (ATR-FTIR). The MgCO3 and other products, formed after CO2 + H2O capture pro-
cess, were thermally decomposed, to quantify the amount of CO2 captured by the superficial MgO layer
sothermal experiments
O2 capture
oams

using standard thermogravimetric analysis. The results showed that the highest amount of CO2 cap-
tured was obtained at 60 ◦C and 80% of relative humidity, with a CO2 capture capacity of 0.87 mmol/g,
which is comparable with others CO2 MgO-based captors. The considerable CO2 capture capacity at
low temperatures supports the potential of the pure open-cell Mg foams to be used as structured CO2

captors.
© 2015 Elsevier B.V. All rights reserved.
. Introduction

Metallic foams are a new class of materials used as impact
bsorbers, dust and fluid filters, heat exchangers, flame arresters,
mong other applications, because these materials have shown
good combination of several properties, such as high strength-

o-weight ratio, high energy absorption capacity, high gas and
iquid permeability, low thermal conductivity and large surface
rea [1–3]. The development of Mg foams has been of great inter-
st, because these materials have shown similar functionality of
l foams but with less weight. On the other hand, Mg foams have
een mainly studied for their functional properties, i.e. sound and
nergy absorption capacity, excellent vibration reduction capacity
nd lately have been recognized as promising biomaterial for bone
mplants [4,5].
Recently, a special emphasis has been set on studying the sepa-
ation of CO2 from the flue gases present in the ecosystem. In that
ense, different kind of materials has been studied as possible CO2

∗ Corresponding author.
E-mail address: iafiguera@unam.mx (I.A. Figueroa).

ttp://dx.doi.org/10.1016/j.tca.2015.10.011
040-6031/© 2015 Elsevier B.V. All rights reserved.
captors, such as organic sorbents [6], zeolites [7], activated carbons
[8], alkaline ceramics [9], hydrotalcites [10], calcium and magne-
sium oxides [11,12]. These oxides powders are widely used for CO2
capture due their wide availability, low cost, and facility of being
produced in bulk amounts.

The development of structured CO2 captors such as single piece
extruded lattices, CO2 captor coating (e.g. zeolites) over metallic
substrates, and silica gel packed within aluminum foams struc-
tures, is still under study [13]. These systems offer the advantages
of greater structural stability compared to the normally reported
compacted powders of CO2 captors. It is worthy of note that the
techniques to develop these systems are complex and expensive.

Base on the above, to date, there are not reports on pure open-
cell Mg foams used as CO2 captors. These Mg foams, with large
surface area, could be oxidized in a controlled way to form super-
ficial Mg oxides making them attractive as structured CO2 captors.
From an engineering point of view, the open-cell Mg foams could
be used, as mentioned above, in functional applications (filters,

thermal and acoustic insulation, energy absorbers, etc.) and as CO2
captors at the same time. In addition, these can be used several
times if the reaction products formed after CO2 capture process are
removed.

dx.doi.org/10.1016/j.tca.2015.10.011
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tca.2015.10.011&domain=pdf
mailto:iafiguera@unam.mx
dx.doi.org/10.1016/j.tca.2015.10.011
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Water steam is a very common component of flue gases emitted
rom different combustion process. Therefore, it is very important
o analyze how the CO2 capture is affected due its presence on the

g oxide. The objective of the present work was to study the CO2
apture using Mg oxide, derived from the surface oxidation of pure
pen-cell Mg foams. The process for CO2 capture carry out at dif-
erent relative humidities and low temperatures was also assessed.

. Experimental procedures

.1. Fabrication of Mg foams

Pure Mg open-cell foams were produced by the replication cast-
ng process with an atmosphere highly controlled (Ar). The porous
reforms were manufactured using irregular particles of pure NaCl
<99.99%), which were sieved, separated in three average sizes and
lassified as (A) 350 �m, (B) 420 �m and (C) 590 �m ± 5 �m. The
aCl particles were cold pressed within the crucible to form the
orous preforms. Mg ingots of commercial purity (99.5%) were
laced over the preform and melted at 750 ◦C under a low (Ar)
as pressure (0.1 MPa). Afterwards, the NaCl preform was infil-
rated with the molten metal using Ar at a pressure of 0.4 MPa,
or 10 min. When the formed Mg–NaCl composite was completely
olidified, this was extracted from the reactor, and then machined
n order to obtain several samples for their analysis. The NaCl parti-
les were completely dissolved in a solution of NaOH + H2O. Based
n the potential-pH (Pourbaix) diagram [14], it was essential to use
pH = 13, in order to avoid corrosion by pitting in the Mg matrix.

The average pore size was obtained by means of optical
icroscopy, where at least 100 measurements were taken for each

ample. The density of the open-cell Mg foams was obtained using
pycnometer “ultrapyc 1200e” for solids, with cubic-shaped sam-
les of ∼1 cm3. On the other hand, the percentage of porosity
(%) was calculated using the relative density ıRel. BET sur-

ace area was measured with a Bel-Japan Minisorp II equipment,
mploying a multipoint technique. The samples were degasi-
ed at room temperature under vacuum for 24 h before the N2
dsorption–desorption test.

.2. Superficial oxidation of the pure open-cell Mg foams

In order to determine the optimal superficial oxidation condi-
ions for the Mg foams, a thermogravimetric analysis (TGA) was
arried out using three different flows of oxygen (commercial
urity) 20, 40 and 80 mL/min, in a temperature range from 30 to
50 ◦C. The oxidation tests were performed in a SDT600 instrument.
ased in the TG analysis, the Mg foams were oxidized at 500 ◦C dur-

ng 0.5, 1 and 2 h in a tubular furnace under an oxygen flow volume
f 40 mL/min.

The oxidized samples were characterized by X-ray diffraction
n order to determinate the kind and amount of the oxide formed
n the foam surface. The comparison of relative heights method
as used in the semi-quantitative XRD analysis. XRD patterns were

btained using a diffractometer D8 Advance-Bruker (with a Cu
�1 radiation) and correlated with the corresponding JCPDS files.
dditionally, the microstructural characterization of the oxidized
amples before and after CO2 capture experiments was determined
y scanning electron microscopy using a JEOL JSM-7600F. A JEM-
320 FIB instrument was used to prepare the samples for the SEM
nalysis.
.3. CO2 capture

The CO2 capture experiments were carried out in a water
apor environment. Isothermal experiments were performed at
ca Acta 621 (2015) 74–80 75

different relative humidities (RH) (40, 60 and 80%) and tempera-
tures of 40 and 60 ◦C. These experiments were performed using
a temperature-controlled thermo-balance TA instrument model
Q5000SA, equipped with a humidity-controlled chamber. All the
experiments were realized employing distilled water and CO2
(grade 3.0) as carrier gas. The CO2 flow used was 100 mL/min,
and the RH percentages were automatically controlled with the
Q5000SA equipment.

After the isothermal experiments the samples were analyzed
by Fourier transform infrared (FTIR) spectroscopy using the atten-
uated total reflexion (ATR) module with the aim of identifying
the reaction products and then by TGA, to perform a decompo-
sition process. The TGA experiments were performed under N2
atmosphere, in a temperature range from 30 to 450 ◦C, with a
heating rate of 5 ◦C/min using a SDT600 equipment. For the FTIR
spectroscopy, the samples were analyzed on a spectrometer Alpha-
Platinum (Bruker). After the decomposition process, the samples
were introduced in a reagent (100 g CrO3, 5 g AgNO3, 10 g Ba(NO3)2)
with the purpose of cleaning the surface area for a new oxidation
process.

3. Results and discussion

3.1. Cell structure

Fig. 1 shows the structures of pure Mg open-cell foams with
three pore sizes: (a) (A) 350 �m, (b) (B) 420 �m, and (c) (C) 490 �m.
From these images, it can be seen that the foams have a homoge-
neous pore distribution with size and shape equivalent to those
of the NaCl particles used as space holders. Furthermore, these
results clearly showed that the foams produced have intercon-
nected porosity, which is of great importance for the objective of
this work.

The percentage of porosity Pr (%) of Mg foams was calculated
using the relative density, ıRel (defined as the foam density ı*
between metal matrix density ıMg = 1.74 g/cm3) in the following
expression: Pr (%) = (1 − relative density) × 100.

Table 1 summarizes the obtained experimental parameters used
to calculate the percent of porosity Pr (%). From this table, it can be
seen that the Pr (%) increased as the pore size increases. On the other
hand, when the pore size decreased, the relative density and the
foam density also increased. This behavior has also been reported in
previous works [15,16]. In the latter columns of Table 1, the values
of the BET surface area and the cell-walls thickness of the foams
are shown. Foams with pore size of 350 �m and relative density of
0.33 had the smallest cell-wall thickness (320 �m) and the highest
surface area (5.1 m2/g). The surface area of the sample “C” was not
measured because of its pore size exceeded the measuring capacity
of the equipment. Based on the above, only the sample “A” with the
highest surface area was used for the CO2 capture study.

3.2. Superficial oxidation of open-cell Mg foams

The open-cell Mg foams must be composed by a solid Mg matrix
and a thin MgO layer so that it can be used as structural CO2 captor.
To set the optimal superficial oxidation parameters such as oxygen
flows, temperatures, times, etc., a thermo-gravimetric analysis
under an oxygen atmosphere was used (as mentioned above).
Fig. 2 shows an oxidation thermogram of open-cell Mg foams
under three oxygen flows. Similar oxidation behaviors at flows
between 20 mL/min and 80 mL/min were observed. It was found

that these oxygen flow volumes did not influence the magnitude
of superficial oxidation of open-cell Mg foams. This behavior
could be attributed to a total saturation of the solid–gas interface.
Therefore, for this work, a flow volume of 40 mL/min was used for
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Fig. 1. Cell structure of open-cell Mg foams with different pore sizes: (a) (A) 350 �m, (b) (B) 420 �m, and (c) (C) 490 �m.

Table 1
Densities, porosities, cell-wall thickness (±10 �m) and BET surface area of open-cell Mg foams.

Sample Density of foams, �* (g/cm3) Relative density, �*/�sMg Pr (%) Surface area (m2/g) Average cell-thickness (�m)
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(A) 350 �m 0.57 0.33
(B) 420 �m 0.47 0.27
(C) 490 �m 0.42 0.24

he oxidation procedure of the Mg foam samples within a tubular
urnace. From the thermogram, an optimum temperature range
rom 475 ◦C to 550 ◦C for the oxidation of Mg foams was observed.

temperature of 500 ◦C was used for the oxidation of Mg foams
ecause at higher temperatures the reactivity of Mg considerably

ncreases. The oxidation time will be discussed later.

.3. Identification of the phases

.3.1. X-ray diffraction
Fig. 3 shows the XRD patterns of the Mg foams oxidized at 500 ◦C

t different times. The diffractograms are mainly formed by the
ure Mg (JCPDS file 00-004-0770) and for the MgO periclase com-
ound (file JCPDS 01-089-4248) as it could be expected. Based on
emi-quantitative XRD analysis, the amount of MgO obtained on
he oxidized foams at times of 0.5 h, 1 h and 2 h were 3%, 5.5% and

.9% (in wt.), respectively. Although, the samples heat-treated (oxi-
ized) for 2 h showed the highest amount of MgO formation on the
ell-surfaces, an analysis about its physical properties is required in
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order to find out the optimum thickness for such oxide layer, which
could lead to the highest amount of CO2 capture.

3.3.2. SEM characterization
The structural analysis of the superficial oxide formed on the

Mg foams is essential as this will be used for the CO2 capture.
Fig. 4a shows the smooth surface of the Mg matrix before of the
oxidation process, where some small oxide particles were formed.
Fig. 4b shows a representative SEM-micrograph of the oxide layer
formed on the surface of the open-cell Mg foams as result of oxida-
tion process. The EDS-microanalysis carried out on the oxide layer
corroborated the type of oxide (MgO, periclase) formed on the Mg
foam surface (Fig. 4b inset).

The resulting MgO layer displayed large amounts of micro-
porosities and micro-cracks. The micro-porosity cannot be
considered as a macroscopic defect, as through such defects, gases

such as CO2, O2 and water vapor (H2O) can diffuse into this oxide
layer, increasing the reaction area. On the other hand, these micro-
cracks, which are typical of this kind of oxides, can be considered
as an important defect. This defect tends to reduce its mechanical
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Fig. 3. X-ray diffraction patterns of pure Mg foams oxidized at 500 ◦C at different
times.
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ig. 4. (a) Surface of the Mg matrix, (b) surface layer of the MgO formed on oxidized

trength and affects the adherence to the metal matrix. Therefore,
he thickness of the oxide layer should be limited to a few microns
n order to maintain its structural integrity.

Fig. 4c shows the cross section of the sample oxidized at 500 ◦C
or 1 h. The thickness of the MgO oxide layer as well as the interface

g matrix–MgO oxide layer can be clearly observed. The intercon-
ected porosity of the foams facilitated the oxygen flow through
ntire material, allowing the formation of an MgO layer on the cell
alls of the Mg foams. The thickness of the MgO oxide layer was

haracterized and measured at different parts of the sample, i.e.
rom the outer surface to the center of the sample. The average
hickness measured of the samples oxidized at 500 ◦C for 0.5, 1 and
h were of 1 (±0.2), 6 (±2) and 14 (±2) �m, respectively. It is impor-

ant to mention that the oxide layers with thicknesses between 6
nd 8 �m were selected for the CO2 capture experiments. This is
ue to the oxide layers with thickness higher than 14 �m presented
iscontinuities, produced by the fragmentation and detachment of
uch oxide.

Fig. 4d shows a SEM-micrograph magnification of the cross sec-
ion of the MgO layer in which the structure of the MgO can be
bserved. The MgO layer formed on the cell-foam surface showed
kind of branched structure, uniformly distributed. Due to this

ranched structure, the surface texture of the oxide layer ended
ery rough.

.4. Capture of CO2

In order to determine the CO2 capture capacity of the MgO layer

ormed on the surface of the open-cell Mg foams several isothermal
xperiments were conducted. The CO2–H2O capture experiments
ere carried out at low temperatures (40 ◦C and 60 ◦C) and different

elative humidities (40–80%) using a CO2 flow of 100 mL/min and
les (at 500 ◦C for 1 h), (c) cross section of the MgO layer and d) morphology of MgO.

MgO weight of about 1.06 mg. This weight corresponds to the oxide
layer formed on the surface of cubic shaped Mg foam samples (with
an average volume of 0.064 cm3 and a weight of 36.5 mg), which
was measured by means of TG analysis at a constant temperature
of 500 ◦C, using a O2 flow of 40 mL/min for 1 h.

Fig. 5a shows the isotherms performed at a temperature of 40 ◦C
and relative humidities of 40, 60 and 80%. From these curves, it can
be observed that most of the CO2–H2O capture process occurs dur-
ing the first 40 min and the process reaches almost its equilibrium
(saturation point) at ∼60 min. In addition, the CO2–H2O capture
capacity increased as relative humidity increases. The maximum
weight gain of 3.4% was obtained for the sample tested at 80% RH,
after 180 min of reaction.

Fig. 5b shows the isotherms evaluated at the highest tem-
perature (60 ◦C) with the same relative humidity range. At this
temperature, most of the CO2–H2O capture process took place dur-
ing the first 70–80 min, and 10 min after, it seems to reach the
equilibrium stage. At this temperature, the largest increment in
weight was observed, recording a maximum increment of 5.8 wt%
for the sample evaluated with 80% RH, after 180 min of reaction.
The initial times for the CO2–H2O capture process obtained in the
isotherms are slightly longer when compared with other CO2 cap-
ture systems (commonly powders) [17,18]. A plausible explanation
to this can be attributed to the partly porous structure of the oxide
layer as well as its textural properties (surface area, porosity, etc.).

From the above, in general, these results suggested that the
increments in temperature and relative humidity increased the
CO2–H2O capture capacity of the MgO layer. From the literature, the

following sequential reaction mechanism for the CO2–H2O capture
on MgO was reported [19].

Mg(s) + ½O2(g) → MgO(s) (1)
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gO(s) + H2O(v) → Mg(OH)2(s) (2)

g(OH)2(s) + CO2(g) → MgCO3(s) + H2O(v) (3)
In this sequential reaction mechanism, the steam water initially
eacts with MgO to produce Mg(OH)2, reaction (2). Then, as the
g(OH)2 is more reactive to CO2 than MgO, the CO2 capture is

ncreased, obtaining MgCO3 plus H2O as final products, reaction

Fig. 6. (a) Distribution of elements (mapping) and (b) global SEM-EDS analysis of
Fig. 7. Infrared spectra of Mg foam samples after CO2–H2O capture process.

(3). The H2O acts as catalytic active specie, which does modify the
activation energy value of the whole reaction process. The nature
of this CO2 capture reaction (3) is exothermic, with a �H value
of −19.7 kJ/mol of CO2. This means that the heat required for the
regeneration of the reverse reaction to form Mg(OH)2 is lower, as
reported in Ref. [20]. Therefore, the CO2 capture reaction (3) can be
carried out in several cycles. The Gibbs energy (�G) calculated for
the capture reaction (3) was −12.69 kJ, therefore, the reaction could
be considered as spontaneous, considering the reaction mecha-
nism established in Eq. (3). A looping study for carbonation and
de-carbonation of the reported material is in process and will be
reported elsewhere.

In order to experimentally identify and quantify the final prod-
ucts obtained after the CO2–H2O capture experiments, the samples
were analyzed by means of the SEM-EDS, TGA and FTIR techniques.
It is worthy of note that due to the size of the sample used for
the CO2–H2O capture experiments, it was not possible to use XRD
technique, therefore, the FTIR technique was employed.

Fig. 6a shows an elemental mapping of elements and Fig. 6b
shows a global SEM-EDS analysis carried out on the carbonated sur-
face of Mg foams samples. The elemental mapping analysis showed
a homogeneous distribution of the elements Mg, C and O. On the
other hand, the global quantification of elements, i.e. Mg (22%), C
(21%), O (56%), and traces (1%) in at%, indicated the formation of the

MgCO3 compound after the CO2–H2O capture process. The original
branched morphology of the MgO shown in Fig. 4 was retained after
this CO2–H2O capture process.

a selected section of the MgO layer after the CO2–H2O absorption process.
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[2] L.J. Gibson, Mechanical behavior of metallic foams, Annu. Rev. Mater. Sci. 30
ig. 8. TG and DTG curves of the samples treated at 60 ◦C and relative humidities
f: (a) 60% RH and (b) 80% HR.

Fig. 7 shows the FTIR results performed on two samples (those
ith the highest weight gain) obtained from the isothermal exper-

ments at 60 ◦C and 60% RH (1) and 80% RH (2). In both infrared
pectra, a wide vibration band centered at 1421 cm−1 was observed,
hat corresponded to the MgCO3 vibration. Besides, vibrations due
o the presence of Mg-oxygen and H2O, were also detected at
avenumber intervals of 400–750 and 1800–2300 cm−1, respec-

ively. The reported signals for those components using FTIR agree
ell with those reported in the literature [21,22]. Besides, these

esults are also in agreement with the reaction mechanism for the
O2–H2O capture mentioned above.

The MgCO3 formed during the CO2–H2O capture process was
hermally decomposed to quantify the amount of CO2 and H2O cap-
ured by the MgO layer using a standard TG analysis. Fig. 8(a) and
b) shows two thermograms performed at 5 ◦C per minute on the
amples treated at (a) 60 ◦C – 60% RH and (b) 60 ◦C – 80% RH. In
hese thermograms, a total weight loss of 4 wt% and 5.5 wt% were
btained for the samples (1) 60 ◦C – 60% RH and (2) 60 ◦C – 80% RH,
espectively. The weight losses are attributed to dehydration and
ecarbonation processes.

The first drop in weight observed in the TG curves between
oom temperature and 200 ◦C is due to the dehydration process.
amples 60 ◦C – 60% RH (1) and 60 ◦C – 80% RH (2) lost 1.5 and
.8 wt%, respectively. According to the reaction proposed by James
. Fisher et al., the MgCO3 carbonate can be decomposed between
75 and 400 ◦C and release CO2 [23]. Therefore, the second drop
n weight observed in the thermograms (between 300 and 400 ◦C)
orresponded to the CO2 capture capacity with values of 2.5 and
.7 wt%, equivalent to 0.58 mmol/g, and 0.87 mmol/g for samples
ca Acta 621 (2015) 74–80 79

(1) and (2), respectively. Please note that the CO2 capture capacities
are comparable with others MgO based powder systems studied
for the CO2 capture [24,25]. Should the increment of CO2 capture
capacity of the Mg is required; the increment of MgO layer and/or
by coating its superficial area with alkaline metals could be highly
advisable.

It is worth mentioning that the lack of adherence of the MgCO3
layer formed after the CO2–H2O capture is considered in this work
as beneficial, as when the cyclic CO2–H2O capture capacity of
the MgO decreases, this layer can be chemically or mechanically
removed and the formation of a new MgO layer will be possible.
Considering the thickness of the cell-foams (320 �m) and the MgO
oxide layer (6–8 �m), the Mg foams under study could be used at
least 10 times keeping the strength of the metallic structure. It
should also be borne in mind that the material reported in this
work could, easily, withstand the stresses (tensile-compressive)
produced by the change of volume of the formed ceramic-based
layer used to capture the CO2. On this basis, if we start with foams
produced with pure MgO, as soon as the capture CO2 capture takes
place, the change in volume that occurs during the reaction to pro-
duce MgCO3 will embrittle the MgO foam, cracking and crumbling
it apart, and therefore, limiting the engineering application of this
and any other CO2 captor ceramic-based powders. Besides, with
the process reported here, it is possible to produce metallic foams
from rather small samples to several dozens of millimeters.

4. Conclusions

The CO2 capture capacity of the pure open-cell Mg foams
depends of several factors such as (1) cell structure, pore size,
percentage of porosity and surface area, (2) amount of the MgO
formed on the foam surface, and (3) CO2–H2O capture process vari-
ables, such as temperature and relative humidity (RH). The MgO
layers (with thicknesses between 6 and 8 �m) formed on the Mg
foams with pore size of 350 �m showed the maximum CO2 capture
capacity (0.87 mmol/g) at 60 ◦C and 80% RH. This considerable CO2
capture capacity of the pure open-cell Mg foams at low tempera-
tures opens the possibility of using them as structured CO2 captors.
The development of pure open-cell Mg foams as structured CO2
captors does not require complex processing techniques; therefore,
the open-cell Mg foams can be used for the separation of carbon
dioxide from environmental fulfilling their functional applications
and with the possibility to be reused several times. In addition, the
ultra-lightweight porous structure of these Mg foams can be coated
with other CO2 captor materials and increase this capture capacity.
Therefore, the coating of the superficial area with alkaline metals
could be highly advisable if the increment of CO2 capture capacity
of the Mg foam is required.
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