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a b s t r a c t

Experiments were performed on magnesium oxide, using water vapor with N2 or CO2 as carrier gases,
between room temperature and 70 ◦C, in order to elucidate its thermal stability. Initial experiments
were performed with water vapor in the presence of N2 to elucidate the different physicochemical pro-
cesses produced by water vapor exclusively, as N2 is an inert gas. These results showed that water is
only adsorbed on the MgO surface. On the other hand, when CO2 was used as carrier gas the MgO reac-
vailable online 26 January 2011

eywords:
bsorption
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O2 capture

tivity changed, producing hydrated magnesium carbonate, due to the CO2 absorption. On the basis of
these results and the fact that under dry conditions CO2 is not absorbed on MgO at T < 70 ◦C, a pos-
sible MgO–H2O–CO2 reaction mechanism is proposed, where MgO microstructural parameters play a
significant role during the CO2 absorption.

© 2011 Elsevier B.V. All rights reserved.

agnesium oxide
ater vapor

. Introduction

Since the beginning of the industrial revolution, the use of fuels
as become an essential part of the human life. Therefore, carbon
ioxide (CO2) concentrations have been increased dramatically,
roducing climate changes through the green house effect [1–3]. In
hat intelligence, several propositions have been published in the
ast years for the CO2 absorption or adsorption, concentration and
ts possible elimination [1,4–6]. Among these propositions, mag-
esium oxide (MgO), as well as other alkaline earth metal oxides,
as been used in different manners [7–9]. For instance, MgO has
een studied as a possible CO2 absorbent mainly because of its low
nergy requirement for regeneration (compared to other oxides),
lthough it possesses a low absorption capacity due to kinetic fac-
ors [6,9]. Furthermore, in the last years MgO has been proposed as
catalytic support of different processes. For example, the synthe-

is of combined steam and carbon dioxide reforming of methane
CSCRM) [10–17].

Additionally, mineral carbonation between CO2 and different
atural magnesium and calcium silicates (olivine, serpentine and

ollastonite among others) is a reaction process with geolog-

cal implications [1,18,19]. Therefore, the reaction path for the
gO–CO2–H2O system at low temperatures (from room temper-

ture to 70 ◦C) is of great interest in different fields. In this sense,

∗ Corresponding author. Tel.: +52 55 5622 4627; fax: +52 55 5616 1371.
E-mail address: pfeiffer@iim.unam.mx (H. Pfeiffer).

040-6031/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2011.01.021
most of the studies performed up to now have been developed in
aqueous systems where magnesium oxide, or magnesium ceram-
ics, is dispersed [18,20]. For example, Xiong and Lord [19] reported
the CO2 capture on a MgO aqueous suspension, where Mg(OH)2
is initially produced and then Mg(OH)2 reacts with CO2 produc-
ing different hydrated magnesium carbonates. However, the MgO
hydration and carbonation processes, where H2O is present as
vapor, and not in solution, has not been studied. This kind of sys-
tems would be of high interest, for example, on different catalytic
systems or during the CO2 absorption processes, where the water
and CO2 quantities may be controlled in order to improve the cor-
responding processes.

Therefore, the aim of this work was to study systematically the
different physicochemical phenomena and mechanisms present
during the steam hydration process of MgO in the presence and
absence of CO2.

2. Experimental

Magnesium oxide was obtained by the magnesium carbonate
(MgCO3, Aldrich) thermal decomposition at 800 ◦C for 8 h. The com-
position, structure and microstructural properties of MgO were
confirmed by X-ray diffraction (XRD) and N2 adsorption (data not

shown). For XRD a diffractometer Bruker AXS D8 Advance was
used coupled to a copper anode X-ray tube. MgO was identi-
fied conventionally by its corresponding Joint Committee Powder
Diffraction Standard (JCPDS) file. Textural properties of MgO were
determined by N2 adsorption. The equipment used in this case was

dx.doi.org/10.1016/j.tca.2011.01.021
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:pfeiffer@iim.unam.mx
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gained decreased as a function of temperature. From these results,
it may be assumed that MgO surface reactivity was increased with
the CO2 addition, perhaps producing a mixture of MgCO3 and
adsorbed water (it was corroborated below). Something else has
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Minisorp II from Bel-Japan at 77 K using a multipoint technique.
ample was previously activated at 200 ◦C for 24 h in vacuum. N2
dsorption–desorption isotherm indicates the presence of certain
esoporosity and the BET surface area was 29.5 m2/g.
For water vapor analyses, different dynamic experiments were

arried out on a temperature-controlled thermobalance Q5000SA
rom TA Instruments, equipped with a humidity controlled cham-
er. The experimental variables were temperature and relative
umidity (RH). Experiments were carried out using N2 or CO2,
oth Praxair (grades 4.8 and 4.0, respectively), as carrier gases
nd distilled water as the vapor precursor, using in all the cases a
otal gas flow of 100 mL/min. First, different water vapor isotherms
ere generated varying temperature, between 40 and 70 ◦C, from
to 80% and then from 80 to 0% of RH. After those experiments,

nd in order to identify the hydration products, hydrated pow-
ers were characterized by standard thermogravimetric (TG) and

nfrared (FTIR) analyses. For the TG analysis, experiments were
erformed under air atmosphere with a heating rate of 5 ◦C/min
y a thermobalance TA Instruments model Q500HR. For the FTIR
pectroscopy samples were analyzed by a Spectrometer NICOLET
700FT-IR.

. Results and discussion

Water vapor isotherms were performed using N2 as carrier gas.
2 was used, as an inert gas, to elucidate exclusively the effect of
ater on the MgO particles between room temperature and 70 ◦C.

ig. 1 shows the MgO–H2O isotherms at different temperatures.
ater isotherms presented curves type III, during the adsorption

rocess, according to the IUPAC classification [21]. Furthermore,
hese isotherms presented hysteresis loops, and most of them did
ot close. A detailed analysis shows that MgO gained different
ater quantities as a function of temperature. Sample treated at

0 ◦C presented the highest increment of weight, 5.9 wt.%. Then,
nal weights decreased as a function of temperature. While sam-
les thermally treated at 50 and 60 ◦C increased their weight in
nly 2.8 and 2.2 wt.%, sample treated at 70 ◦C practically did not
etained water at the end of the experiment. These results strongly
uggest that water was only adsorbed on the MgO surface particles,
nd weights gained would be attributed to superficial hydration
rocesses of the MgO particles. Additionally, water adsorption
ecreased as a function of temperature due to a higher evapora-

ion rate promoted by the temperature increments. In a previous
ork, Xiong and Lord [19] reported the MgO hydroxylation at room

emperature. However, in that case, MgO was doped with different
lements and those experiments were performed for much longer
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ig. 1. Water vapor isotherms of the MgO sample, generated at different tempera-
ures (40, 50, 60 and 70 ◦C), using N2 as carrier gas.
Relative Humidity (RH %)

Fig. 2. Water vapor isotherms of the MgO sample, generated at different tempera-
tures (40, 50, 60 and 70 ◦C), using CO2 as carrier gas.

times (up to 1245 days), in aqueous solutions. Therefore, in that case
the hydroxylation process must be controlled by kinetic factors and
the presence of doping elements.

After the analysis performed on MgO using N2, similar experi-
ments were performed, but now using CO2 as carrier gas. Again, as
in the N2 case, curves presented type III isotherms, according to the
IUPAC [21] (Fig. 2). However, weight variations, using CO2, were
larger than those observed previously using N2, and the weights
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Fig. 3. TG (A) and DTG (B) curves of the initial MgO sample (�); and MgO humidity-
treated at 60 ◦C with N2 (*) or CO2 (©), as carrier gases.
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o be pointed out; although MgO is thermodynamically able to
bsorb CO2 at room temperature [9], experimentally MgO absorbs
O2 at T ≥ 300 ◦C due to kinetic factors [22]. Therefore, water vapor
eems to improve the CO2 absorption at lower temperatures. Addi-
ionally, at 70 ◦C the isotherm presented an atypical behavior. In
his temperature isotherm increased its weight very importantly
hen RH reached values between 60 and 80%. It can be explained

s a higher water adsorption produced on the MgCO3, previously
ormed.

To corroborate the carbonation reaction during the thermal-
ydration process, different TG and FTIR analyses were performed.
ig. 3 shows the TG and DTG results obtained for the MgO ini-
ial sample as well as the MgO samples humidity treated at 60 ◦C
ith N2 and CO2 as carrier gases. It is evident that although the

hree samples presented similar trends, the thermal-humidity con-
itions in which each sample was tested during the H2O isothermal
xperiments modified the corresponding weight loss. Initially, MgO
ample practically did not lose weight between room temperature
nd 100 ◦C, while MgO humidity-treated samples lost between 2
nd 4 wt.%, as it would be expected, and which is merely water
dsorbed. Then, when temperature was increased to 200 ◦C, sam-
les presented two different losses of weight consecutively, as it
an be seen in the DTG curves. The weight loss produced at around
24 ◦C was attributed to a small dehydroxylation process. However,
he main process was produced between 280 and 324 ◦C, depending
n the sample, which corresponds to a decarbonation process. Part

f the carbonates were present since the beginning of the exper-
ments, as it can be seen in the original sample, and the rest of
hem should be absorbed during or after the hydration process,
n the samples treated with CO2 and N2, respectively. From the
erivate curves (Fig. 3B), it can be seen that decarbonation aver-
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Fig. 5. Isotherms of H2O–CO2 on the MgO sample varying relative humidi
Fig. 4. Infrared spectra of initial MgO sample and humidity-treated sample treated
at 60 ◦C with CO2.

age temperatures are slightly shifted to higher temperatures when
CO2 was used as carrier gas, which may be attributed to kinetic
factors as a consequence of the higher carbonation presented by
this sample. Something else has to be pointed out from these
thermograms; water desorption increased as follows: MgO < MgO
humidity treated with N2 < MgO humidity treated with CO2. There-
fore, it seems that water adsorption is improved, probably due to
the MgO surface carbonation (see description of the reaction mech-

anism below).

Fig. 4 shows the FTIR spectra of the following samples; MgO and
MgO humidity-treated at 60 ◦C with CO2. MgO sample presented
two important band vibrations; the first one centered at 1448 cm−1
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ty (from 40 to 70%) at different temperatures (40, 50, 60 and 70 ◦C).
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nd the second one at lower values than 500 cm−1. The vibration
and located between 500 and 400 cm−1 corresponds to the Mg–O
ibrations [23]. On the contrary, the vibration band centered at
448 cm−1 corresponds to –CO3 vibrations [23,24]. Therefore, MgO
ample contains a certain degree of MgCO3, which may be produced
rom an environmental spontaneous carbonation. Then, MgO sam-
le humidity treated at 60 ◦C presented a similar FTIR spectrum.
owever, in this case the vibration band centered at 1448 cm−1

–CO3 vibrations) was importantly increased, which indicates a
igher carbonation. A second vibration band was elucidated in this
ample at 860 cm−1, which can be associated to carbonates [24].
dditionally, this sample presented a very narrow vibration band
etween 3500 and 3000 cm−1, which should correspond to O–H
ibrations of some water molecules adsorbed [23,24]. These FTIR
esults confirm that MgO is able to absorb CO2 in the presence of
ater vapor, as it was previously seen by TG analysis.

In order to further understand the CO2–H2O reactivity on MgO,
ifferent isotherms are presented on Fig. 5, which correspond to
he experiments performed at different temperatures and RHs.
ll these experiments presented similar exponential behaviors,
ttributed to the MgO carbonation and hydration. However, weight
ncrements varied as a function of temperature and RH. For exam-
le, when temperature was fixed at 40 ◦C, isotherms presented the
ollowing behavior. The weight increment was equal to 3.7 wt.%
ith a RH of 40%. Then, weight gained was importantly increased
p to 6.6, 10.5 and 15.8 wt % at 50, 60 and 70% of RH, respec-
ively (Fig. 5A). In this case, if the RH was increased, the total
eight gained increased as well. A similar behavior was observed
hen MgO was treated at 50, 60 and 70 ◦C. However, total weight

ncrements decreased when temperature was increased. As it was
iscussed above, it must correspond to a higher evaporation rate

nduced by temperature increments.
A different, but interesting behavior is observed, when

sotherms are compared as a function of the RH (Fig. 6). Again, the
nal weight gained decreased as a function of temperature. This
esult corroborates the fact that water evaporation rate is increased
ue to temperature. Nevertheless, the isothermal behavior was
ifferent during the first moments (3 min). Here, temperature

mproved weight increments. Therefore, to explain this behavior
t would be established that carbonation process is produced dur-
ng the first moments and this reaction is thermally favored. Then

ater adsorption must be produced over the MgCO3 surface mate-
ial.

Based on all these results it would be possible to propose a reac-
ion mechanism. In the literature, it has been proved that water
apor modifies, positively, the CO2 absorption on different alka-
ine and alkaline earth ceramics [4,25–28]. For example, Essaki
t al. found that humidity increases CO2 absorption on lithium
rthosilicate Li4SiO4 at room temperature [26]. Authors proposed
hat carbonate layer formed on the ceramic surface during absorp-
ion might be dissolved in water thus, in this way, absorption is
romoted. On the other hand, Siauciunas and coworkers [27] stud-

ed the Tobermorite (Ca5Si6O16(OH)2·4H2O) carbonation. As in the
revious case, authors suggested an intermediate hydrolysis reac-
ion but additionally they consider the formation of more reactive
pecies into the Tobermorite structure as a result of its microstruc-
ural properties (surface area and porosity). Then, as MgO does not
eem to absorb CO2 in dry conditions in this temperature range,
he formation of intermediate species must be promoted by the

gO microstructure, perhaps by the mesoporosity presented in
he sample, in which water vapor condensed, dissolving CO2. This

O2 dissolution must enhance the MgO–CO2 reactivity. MgCO3

s produced as a consequence of this enhanced reactivity, which
nduces a higher water adsorption, as it was seen on the experi-

ents performed at 70 ◦C (see Fig. 2). Therefore, water vapor has
double effect on the MgO–CO2 reaction system: initially, water
Fig. 6. Isotherms of H2O–CO2 on the MgO sample varying temperatures (from 40
to 70 ◦C) at a RH of 70% (A). The second panel (B) shows the first 3 min of the same
isotherms.

vapor promotes the formation of MgCO3, and secondly water vapor
is adsorbed on the MgCO3 product.

4. Conclusions

Experiments performed using N2 as carrier gas clearly showed
that MgO is able to adsorb water, where the final quantity of water
adsorbed depends on temperature, as it could be expected. These
results indicate that MgO stability is not chemically altered by the
presence of water, in this temperature range. Later, when CO2 was
used as carrier gas, MgO sample continued adsorbing water, but in
this case by a different mechanism. Here, CO2 was absorbed produc-
ing magnesium carbonate at the MgO surface particles; water was
then subsequently adsorbed in higher quantities, as magnesium
carbonate is a much higher hygroscopic material. The total weight
gained under these conditions was twice higher than that observed
using N2. This weight increment was produced by the MgCO3
appearance and consequently the higher hydration. Finally, accord-
ing to the literature, MgO is able to absorb CO2 at around 300–400 ◦C
in dry conditions. Therefore, water vapor presence improved the
CO2 absorption, at least on this temperature range (40–70 ◦C). To
explain this behavior, different microstructural factors were taken
into account.
This work was financially supported by CONACYT (60980),
PAPIIT-UNAM (IN100609), and ICyT-DF (179/2009). Furthermore,
authors thank A. Tejeda and M. A. Canseco-Martínez for technical
help.



7 Therm

R

[

[

[

[

[
[
[
[
[

[
[

[

[

[

[
[25] E. Ochoa-Fernandez, T. Zhao, M. Ronning, D. Chen, J. Environ. Eng. 135 (2009)

397.
8 D.A. Torres-Rodríguez, H. Pfeiffer /

eferences

[1] V. Prigiobbe, M. Hänchen, M. Werner, R. Baciocchi, M. Mazzotti, Energy Procedia
1 (2009) 4889.

[2] D.P. Schrag, Elements 3 (2007) 171.
[3] IPCC, Special Report on Carbon Dioxide Capture and Storage, Cambridge Uni-

versity Press, Cambridge, 2005.
[4] B.N. Nair, R.P. Burwood, V.J. Goh, K. Nakagawa, T. Yamaguchi, Prog. Mater. Sci.

54 (2009) 511.
[5] H. Pfeiffer, Advances in CO2 Conversion and Utilization Chapter 15; Advances

on Alkaline Ceramics as Possible CO2 Captors, 2010.
[6] S. Choi, J.H. Drese, C.W. Jones, Chemsuschem 2 (2009) 796.
[7] B. Feng, H. An, E. Tan, Energy Fuels 21 (2007) 426.
[8] S.C. Lee, H.J. Chae, S.J. Lee, B.Y. Choi, C.K. Yi, J.B. Lee, C.K. Ryu, J.C. Kim, Environ.

Sci. Technol. 42 (2008) 2736.
[9] Y. Duan, D.C. Sorescu, J. Chem. Phys. 133 (2010) 074508.
10] K.Y. Koo, H.S. Roh, U.H. Jung, D.J. Seo, Y.S. Seo, W.L. Yoon, Catal. Today 146 (2009)

166.

11] K.Y. Koo, H.S. Roh, Y.T. Seo, D.J. Seo, W.L. Yoon, S.B. Park, Int. J. Hydrogen Energy

33 (2008) 2036.
12] K.Y. Koo, H.S. Roh, Y.T. Seo, D.J. Seo, W.L. Yoon, S.B. Park, Appl. Catal. A 340

(2008) 183.
13] F. Yagi, R. Kanai, S. Wakamatsu, R. Kajiyama, Y. Suehiro, M. Shimura, Catal.

Today 104 (2005) 2.

[
[

[

ochimica Acta 516 (2011) 74–78

14] H.S. Roh, K.Y. Koo, U.D. Joshi, W.L. Yoon, Catal. Lett. 125 (2008) 283.
15] M. Yang, H. Papp, Catal. Today 115 (2006) 199.
16] M. Bradford, M. Vannice, Catal. Rev. Sci. Eng. 41 (1999) 1.
17] F. Meshkani, M. Rezaei, Int. J. Hydrogen Energy 35 (2010) 10295.
18] K. Jarvis, R.W. Carpenter, T. Windman, Y. Kim, R. Nunez, F. Alawheh, Environ.

Sci. Technol. 43 (2009) 6314–6319.
19] Y. Xiong, A.S. Lord, Appl. Geochem. 23 (2008) 1634.
20] K. Lackner, C. Wendt, D. Butt, E. Joyce Jr., D. Sharp, Energy 20 (1995)

1153.
21] F. Rouquerol, J. Rouquerol, K. Sing, Adsorption by Powders and Porous Solids:

Principles Methodology and Applications, Academic Press, 1999.
22] S.C. Lee, B.Y. Choi, T.J. Lee, C.K. Ryu, Y.S. Ahn, J.C. Kim, Catal. Today 111 (2006)

385.
23] K. Nakamoto, Infrared Raman Spectra of Inorganic and Coordination Com-

pounds, Ed. Wiley, 2009.
24] F.A. Miller, C.H. Wilkins, Anal. Chem. 24 (1952) 1253.
26] K. Essaki, K. Nakagawa, M. Kato, J. Chem. Eng. Japan 37 (2004) 772.
27] R. Siauciunas, E. Rupsyte, S. Kitrys, V. Galeckas, Colloid Surf. A Physcochem. Eng.

Aspects 224 (2004) 197.
28] L. Martinez dlCruz, H. Pfeiffer, J. Phys. Chem. C 114 (2010) 9453.


	Thermokinetic analysis of the MgO surface carbonation process in the presence of water vapor
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References


