
T
o

J
a

C
b

A

a

A
R
R
1
A
A

K
L
T
W

1

t
a
a
o
f
c
i
d
[

t

L

u
e
[
s

0
d

Thermochimica Acta 515 (2011) 73–78

Contents lists available at ScienceDirect

Thermochimica Acta

journa l homepage: www.e lsev ier .com/ locate / tca

owards understanding the thermoanalysis of water sorption on lithium
rthosilicate (Li4SiO4)

. Ortiz-Landerosa,b, L. Martínez-dlCruza, C. Gómez-Yáñezb, H. Pfeiffera,∗
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a b s t r a c t

A systematic thermogravimetric study of hygroscopic and reactivity behaviors, at low temperatures of
lithium orthosilicate (Li4SiO4), are presented. Li4SiO4 sample was prepared by solid-state reaction and
then treated at different temperature-humidity conditions. Li4SiO4 samples previously treated under dif-
ferent temperature-humidity conditions were characterized by Fourier transform infrared spectroscopy
and thermogravimetric analyses. Different processes, adsorption and absorption, take place between
the Li SiO and water vapor. Absorbed water produces superficial hydroxylated species such as Si–OH
eywords:
ithium ceramics
hermal analysis
ater sorption

4 4

and Li–OH. In addition, a kinetic analysis was performed, and the different water absorption activation
enthalpies were calculated. It was found that activation enthalpy (�H‡) values decrease when the rela-
tive humidity is incremented, from 5528.6 J/mol to 2074.2 J/mol at relative humidity levels of 60% and
75% respectively. These results show the impact of different humidity and temperature conditions on the
stability and/or chemical reactivity of Li4SiO4, if this ceramic is used in different application fields, such

or as
as carbon dioxide captor

. Introduction

Lithium orthosilicate (Li4SiO4) has been widely studied as tri-
ium breeding-material for blankets in nuclear fusion reactors [1–5]
nd, in more recent years, as a promising carbon dioxide (CO2)
bsorbent [6–9]. In these technological applications, as well as in
thers, the exposition of Li4SiO4 to water vapor may affect its per-
ormance. In fact, the hygroscopic nature of lithium ceramics is a
ritical factor in the materials selection for the design of ceram-
cs breeders, due to their moisture affinity, which can produce a
ecrement in its properties due to the presence of sorbed water
10].

The process of CO2 capture, using Li4SiO4 as a solid absorbent,
akes place according to the next reaction:

i4SiO4(s) + CO2(g) ↔ Li2CO3(s) + Li2SiO3(s) (1)

In this case, since water vapor is present as a combustion prod-

ct, then the solid absorbents are exposed to wet environments
specially when post-combustion capture technologies are used
11]. In this sense, some researchers have shown that exposure of
olids absorbents to wet environments can affect the CO2 sorp-

∗ 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.2010.12.025
a breeder ceramic into the fusion reactors.
© 2011 Elsevier B.V. All rights reserved.

tion performance. For example, Essaky et al. reported the influence
of both, low and high humidity conditions, on CO2 absorption
efficiency of Li4SiO4 at room temperature [12]. In their work,
the authors proposed a model for the reaction including inter-
mediate acid–base reactions with hydrolysis. It was concluded
that under dry conditions, once the lithium carbonate is formed
as a layer on absorbent surface (reaction 1), further carbona-
tion is hindered. However, when certain water content is present,
the dissolution of the layer of the just formed lithium carbonate
takes place and the CO2 capture is promoted again. In a differ-
ent work, Ochoa-Fernández et al. have also reported the effects
of water steam addition on the CO2 capture, but in this case
the experiments were performed at high temperatures [13]. They
studied the effect of water vapor on the CO2 capture and regener-
ation rates for several lithium ceramics sorbents including Li4SiO4,
observing that water addition improves the kinetic of both, the
CO2 capture and ceramic regeneration processes. Authors sug-
gest that this behavior could be attributed to a high mobility of
the alkaline ions caused by the presence of water steam, which
in fact, is one of the limiting factors of the CO2 absorption pro-

cess.

Based on the above, since the mechanisms involving the reac-
tion between Li4SiO4 and H2O seems to modify the CO2 absorption,
but the phenomenon is not well understood, the aim of this work
was to systematically study the hydration process of Li4SiO4 and

dx.doi.org/10.1016/j.tca.2010.12.025
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:pfeiffer@iim.unam.mx
dx.doi.org/10.1016/j.tca.2010.12.025
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o elucidate the different physicochemical events involved in this
rocess.

. Experimental

Lithium orthosilicate was synthesized by the technique of solid-
tate reaction using silicic acid (H2SiO3, J.T. Baker) and lithium
arbonate (Li2CO3 99+% purity, Sigma–Aldrich) powders as start-
ng materials. Reagents were mechanically mixed in a mortar,
nd in order to prevent the sublimation of lithium, the mixtures
ere prepared using a lithium excess of 5%, based on the stoi-

hiometric lithium content on Li4SiO4. The resultant powders were
eat-treated at 850 ◦C for 6 h in air, following a heating rate of
◦C/min. After that, the sample was characterized by X-ray diffrac-

ion (XRD) and scanning electron microscopy (SEM). For the XRD
haracterization a diffractometer (Bruker AXS, D8 Advance) cou-
led to a copper anode X-ray tube was used. Compounds were

dentified by the corresponding Joint Committee Powder Diffrac-
ion Standards (JCPDS). Scanning electron microscopy micrographs
ere obtained in a Cambridge Leica Stereoscan 440 microscope.

he sample was previously coated with gold to avoid the lack of
lectrical conductivity.

Once the sample was characterized, different dynamic water
apor sorption experiments were carried out in a temperature-
ontrolled thermobalance TA Instruments model Q5000SA, where
xperimental variables were temperature, time and relative
umidity (RH). The RH was automatically controlled by the
5000SA thermobalance, using in all the cases N2 (grade 4.8, from
raxair) as carrier gas with a flow of 100 ml/min. First, water vapor
orption/desorption isotherms were generated at different temper-
tures between 25 and 70 ◦C, varying the relative humidity from
0 to 85 and from 85 to 10% to form a cycle. Additionally, differ-
nt adsorption curves were obtained maintaining the RH constant
20, 40, 60 and 80% RH), but varying the temperature from 25 to
5 ◦C. Finally, isothermal experiments were performed at different
emperatures and RH values.

After the water sorption experiments, and in order to identify
he hydration products, the samples were characterized by stan-
ard thermogravimetric (TG) and infrared (FTIR) analyses. These
xperiments were performed at environmental conditions. For the
G analyses, the experiments were performed with a heating rate
f 3 ◦C/min into a thermobalance TA Instruments model Q500HR.
or the FTIR spectroscopy, samples were prepared as KBr pellets
nd the analyses were performed on a Spectrometer NICOLET 6700
T-IR.

. Results and discussion

The diffraction pattern of the Li4SiO4 sample, produced by solid
tate reaction, shows the characteristic pattern of Li4SiO4 phase
Fig. 1A) according to the JCPDS file number 37-1472. Furthermore,
he synthesized powders show a size distribution with high dis-
ersion, where the particle sizes are between 50 and 70 �m (inset
ig. 1B).

The sorption/desorption isotherms of water vapor on Li4SiO4
re shown in Fig. 2. According to the IUPAC classification, the
sotherms generated at 25 and 30 ◦C correspond to adsorption
urves type II, while the adsorption isotherms measured in the
ange of 35–70 ◦C corresponded to type III. Isotherms types II are
ommonly observed in the case of nonporous adsorbents where

he unrestricted monolayer–multilayer formation can take place.
n the other hand, isotherms type III are commonly obtained in

ystems where the interactions between the adsorbate and the
dsorbent are relatively weak but the adsorbate–adsorbate interac-
ions are significant like in the case of water vapor adsorption [14].
Fig. 1. Lithium orthosilicate (Li4SiO4) synthesized by solid stated reaction: (A) XRD
pattern of the obtained phase and (B) SEM image showing the particle size and
morphology.

Additionally, although all the isotherms present hysteresis loops,
two different behaviors are observed. At temperatures lower than
45 ◦C, the hysteresis loops practically closed, this behavior suggest
that adsorption/desorption process is reversible. In these cases, the
maximum increment in mass is lower than 1% at RH values of 10%
for the different temperatures after desiccation (Fig. 2A).

At temperatures equal to or higher than 45 ◦C, the isotherms
presented a plateau during desorption (desiccation). The most evi-
dent plateaus are observed in the isotherms performed at 60 and
70 ◦C (Fig. 2B). In fact, in these curves the hysteresis loops did not
close any more, and a final mass gains after desorption processes
were registered. In these cases, the mass gain is up to 3%. These
two different behaviors were explained by the presence of different
processes, at these specific conditions not only water adsorption
was carried out, but a chemical process could be present as well.
Then it should be assumed that the process presented at tempera-
tures lower than 45 ◦C is water adsorption over the surface of the
Li4SiO4 particles and in these cases, the mass gained by the sam-
ples was only due to the increasing thickness of multilayer adsorbed
films. On the other hand, in samples treated at 50 ◦C or higher tem-
peratures, the results are indicative that in these cases not only
a physical adsorption went through, but a chemical reaction took
place, so an absorption process happened. It would be attributed
to the formation of hydroxyl species over the surface of Li4SiO4
particles.

Besides, respect to the isotherms made at high temperatures
(Fig. 2B), it should be mentioned two different loss of mass which
were presented during desorption stage; the first one was pre-
sented between 82 and 77% RH, while the second one began at 34%
RH. The first loss of mass can be explained as spontaneous evapo-
ration of condensed water located at the particle surfaces, and the
second process must correspond to evaporation of water located
at inter-particle spaces when the equilibrium between adsorbed
film and saturated vapor atmosphere in the system change and
the adsorption process became reversible. Besides, in the isotherms
performed at 60 and 70 ◦C a continuous mass increase is observed
between the two desorption processes. It is an indicative that the
absorption continued at these temperatures and RH conditions.

The existence of two sorption processes is supported by Fig. 3
where the maxima mass gain due to trapped water during the
sorption are summarized for the different isotherms. At low tem-

peratures, adsorption takes place which leads to a mass increase.
At higher temperature, on the other hand, adsorption is hindered
due to the temperature increase but chemical processes are pro-
moted, then two behaviors are observed. Both sorption processes
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evidenced by the increment of the bands at 732, 863, 1436 and
1477 cm−1 attributed to lithium carbonate on the samples treated
at higher temperatures and relative humidity (Fig. 4). The above
means that the formation of superficial lithium hydroxyls must
Relative humid (%)

Fig. 2. Water adsorption/desorption isotherm

re taking place at the same time but a close inspection of Fig. 3 sug-
ests that for temperatures equal to or higher than 50 ◦C absorption
eems to be the dominant process while for temperatures equal or
ower than 30 ◦C adsorption is dominating.

In order to analyze and confirm the presence of hydration
roducts, two different analyses were performed; FTIR and TGA.
ll these experiments were carried out on the samples after

heir temperature-humidity treatments. FTIR data (Fig. 4) reveal
he presence of absorption bands characteristic of silicon–oxygen
onds and lithium–oxygen bonds, as well as carbonate and
ydroxyl species located over the surface of the Li4SiO4 parti-
les [15–26]. All these bands could be classified into two groups:
ands produced by vibrations from the bulk of the Li4SiO4 crystals,
uch as Si–O, Li–O bonds, or related, which did not present signif-
cant changes among the samples; and a second group of bands

hich were attributed to different species formed over the sur-
ace of the Li4SiO4 crystals, such as carbonate or hydroxyl species.
he intensity of the second group of bands changed as a func-
ion of the temperature-humidity treatments, as it is shown in
ig. 4.

The absorption bands originated from Si–O– and Li–O– groups
ere located at 430, 476 and 980 cm−1 [15,18,22]. In addition,
ands associated with vibrations of O–Si–O and Si–O–Si bridges
ccur at 795 and 828 cm−1, respectively [15,18,20,22]. Bands at
32, 863, 1436 and 1477 cm−1 were attributed to Li2CO3 vibrations
15], while the band located at 952 cm−1 is due to the asym-
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ig. 3. Total water captured after sorption–desorption cycles at different tempera-
ures.
Relative humid (%)

Li4SiO4 generated at different temperatures.

metric stretching vibrations of Si–OH silanol groups [16,19–21].
In general, FTIR results are in accordance with the formation
of lithium and silicon hydroxide species over the surface of the
Li4SiO4.

Moreover, an interesting aspect to be pointed out from the FTIR
results is the fact that band vibrations of the terminal Si–O– and
Li–O type bonds decreased in intensity, when the water content
used during the absorption experiment was increased. On the other
hand, the bands generated due to silicon hydroxyl groups grew
in intensity, as a function of the water content, which indicates
an increase in the number of superficial hydroxyls (Si–OH). These
results strongly suggest that the reaction of atmospheric water
vapor with Li4SiO4. It could be started on surface active sites of
ceramic, where non-bonding ions are present; such as non-bonding
oxygens (Si–O–) as well as lithium (Li–O–) with the subsequent
formation of hydroxylated species on surface. Latter, the material
carbonation is produced due to the contact between the envi-
ronmental CO2 and the hydroxylated surfaces. This process was
play an important role on the atmospheric CO2 absorption process,
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Fig. 4. Infrared spectra of the Li4SiO4 samples recorded after humidity treatment:
(a) Li4SiO4 without any treatment, (b) heat treated at 35 ◦C, (c) at 60 ◦C and (d) and
at 70 ◦C.
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from zero to the set value of RH. Hence, this information could not
be accurate. On the other hand, at long times all the isotherms
were, initially, fitted to a double exponential model, assuming
that water absorption took place, but water adsorption could hap-
pen as well. However, the two rate constants tend to converge

Table 1
Maximum water absorbed at 75 ◦C and absorption activation temperatures (inflec-
tion points in Fig. 6) at the different relative humidity (RH) values.

RH (%) Water gain at
75 ◦C (%)

Absorption onset
temperature (◦C)
ny thermal treatment, sample previously treated at 35 C and sample previously
reated at 70 ◦C. The inset shows the derivative curve of thermogravimetric data
or the three samples. All the samples were normalized in mass, after the water
esorption, at 150 ◦C.

hrough the following process (reaction 2):

LiOH(s) + CO2(g) → Li2CO3(s) + H2O(v),

�G = −97 kJ/mol at 25 ◦C (2)

Two more bands at 3700 and 3788 (Fig. 4) correspond to differ-
nt O–H vibrations, such as Si–OH and Li–OH [26]. However these
ands do not change significantly as a function of the thermal treat-
ent; a possible explanation is that Si–OH and Li–OH are consumed

uring the exposure of the humidified powder to air.
In addition, two samples previously temperature-humidity

reated at 35 and 70 ◦C, as well as the Li4SiO4 original sample,
ere analyzed by TGA (Fig. 5). It is evident that although the

hree samples lost mass showing similar changes in the slopes,
he quantity of mass loss varied importantly. Initially, for the sam-
le temperature-humidity treated at 70 ◦C, two decrements of
ass between 125 and 306 ◦C are observed. They are attributed

o the thermal decomposition of lithium and silicon hydroxyl
pecies, respectively. Based on bonding energy values for Li–OH
447 kJ/mol) and Si–OH (452 kJ/mol) [27], and on the derivative
emperature curves (inset Fig. 5), it was assumed that 207 ◦C corre-
ponds to the thermal decomposition of lithium hydroxyl groups.
herefore, the process at 260 ◦C should correspond to the thermal
ecomposition of the silanols groups. The mass loss at higher tem-
eratures could be attributed to different decarbonation processes.
he same processes seem to occur in all the samples including
he untreated Li4SiO4 sample. The amount of mass loss should
e proportional to the concentrations of carbonate and hydroxyl
pecies formed during the temperature-humidity treatments. It
mplies that even the untreated Li4SiO4 sample already possess
ome hydroxyl groups over the surface of the particles. It has to
e assumed that these hydroxyl and carbonate species were pro-
uced due to the contact of these particles with the atmospheric
ater vapor and CO2.

Once the different processes between the Li4SiO4 and water
apor were identified and characterized, a different set of exper-
ments were perform in order to obtain some extra information.

n this case (Fig. 6), the change in mass was monitored as a func-
ion of the sample temperature while in the atmosphere, a given
evel of humidity was established (20, 40, 60 and 80% RH). In
hese curves, two different processes are evident: (1) at very low
emperatures the mass shows different increments, which could
Temperature (°C)

Fig. 6. Water absorbed by Li4SiO4 particles in a dynamic process at different relative
humid (RH) conditions.

be attributed to water adsorption on the Li4SiO4 surface (inset
Fig. 6). It is also possible to observe in Fig. 6, that the amount of
water adsorbed is function of the RH present in the atmosphere,
as expected. The mass of adsorbed water increased from 0.01%
at a RH of 20%, to 0.27% at a RH equal to 80%, as soon as the
experiments began (temperature <30 ◦C). (2) Latter, when the tem-
perature was increased the second process was evidenced. The
second increment of mass must be associated to water absorp-
tion, in other words, to the Li–OH and Si–OH superficial formation.
Although the quantity of water absorbed increases gradually as a
function of the RH and temperature, it may be defined an approx-
imated temperature in which the H2O absorption is activated by
calculating the inflection points. Table 1 presents the mass gained
in each RH level, at the maximum temperature of the experi-
ment (75 ◦C), and the temperature corresponding to the inflection
points, where absorption process seems to be activated for each
RH. As expected, the higher the water concentration in the atmo-
sphere the smaller the onset temperature necessary to activate the
absorption.

In order to further understand the water vapor absorption
mechanisms on Li4SiO4, different isothermal experiments were
carried out at 55, 60, 65 and 70 ◦C and RH values equal to 60,
65, 70 and 75%. Fig. 7 shows the different isotherms obtained,
where in general the four sets of samples behave in a similar
way. All these isotherms can be divided on two different periods
of time: in the first seconds, as it could be expected, the phe-
nomenon occurring must be the water adsorption. Nevertheless,
in this period of time the equipment presents a dead time of sev-
eral seconds, corresponding to the time where the RH increases
80 3.92 63
60 1.12 68
40 0.19 71
20 0.02 71
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Fig. 7. Isotherms obtained at different RH levels and at dif

o the same value, which suggests that only one process occurs
t long times. This process must correspond to water absorp-
ion, as water adsorption was initially produced and it may have
eached the equilibrium. Therefore, a single exponential model can
e used to determine the water absorption rate constant value
k):

= A exp−kt + C (3)
ere W is the captured water; A and C are the pre-exponential
nd the y-intercept values; k is the kinetic constants and t is the
ime.

k
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ig. 8. Rate constants (k) calculated from the equation 3 as a function of the RH at
ifferent temperatures.
temperatures: (A) 55 ◦C, (B) 60 ◦C, (C) 65 ◦C and (D) 70 ◦C.

Fig. 8 plots the different k values as a function of the rela-
tive humidity. In general, it can be seen that k values increase as
a function of the RH and the temperature. Therefore, the water
absorption on Li4SiO4 is faster when the temperature and/or the
RH are increased. Nevertheless, the curve corresponding to 55 ◦C
presents higher k values than the curve at 60 ◦C. The rate constant
k, calculated for curves at 55 ◦C is actually dominated not only by
absorption but by adsorption too. However, the mass gained at this
temperature is always lower than that obtained at 60 ◦C (Fig. 7A and
B). This result fits well with the estimated activation temperatures
for absorption (Table 1).

Finally, to analyze the temperature dependence of water
absorption under different RH, the Eyring’s model was used [28]:

ln
(

k

T

)
= −

(
�H‡

R

)(
1
T

)
+ ln E + �S‡

R
(4)

where k is the rate constant value of the water absorption process; E
represents a pre-exponential factor, which in Eyring’s formulation
is equal to the ratio of Boltzmann’s constant to Planck’s constant;
�H‡ and �S‡ are the activation enthalpy and entropy, respectively.

The effect of temperature on the rate constants of the water
absorption process, on Li4SiO4 is illustrated in Fig. 9. It is clear
that plots of ln(k/T) versus 1/T describe linear trends, fitting to the
model. Therefore, fitting the data to linear plots gave the activa-
tion enthalpies (�H‡) for the water absorption processes on Li4SiO4
at different RH. It has to be mentioned that, based on the results

and interpretation obtained previously for the data at 55 ◦C, these
values were not included into the �H‡ calculation at low tem-
peratures. �H‡ values for the water absorption process decrease
due to the RH increment. The �H‡ values obtained varied from
5528.6 J/mol to 2074.2 J/mol at 60% and 75% RH, respectively. The
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. Conclusions
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ay be instantaneously produced.
In addition, the kinetic analysis confirms the importance of
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