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a  b  s  t  r  a  c  t

Sepiolite  was  treated  in HNO3 solutions  with  the assistance  of microwave  radiation.  This  treatment  caused
the  progressive  depletion  of Mg2+, the  gradual  degradation  of  the  sepiolite  structure  and  the  formation
of  an  amorphous  silica phase,  which  contributes  to  a noticeable  increase  of the  surface  area.  The use  of
microwaves  during  acid  treatment,  after  few minutes,  led  to materials  with  similar  SBET to  those  obtained
after  48  h with  conventional  heating  methods.  The  influence  of  mineralogical  impurities,  crystallinity
and  chemical  composition  in the  reactivity  of sepiolite  to  this  treatment  was  also  studied.  The  obtained
eywords:
epiolite
olyethylenimine
icrowave radiation

O2 adsorption
quilibrium

materials  were  impregnated  with  polyethylenimine  and  assessed  for  CO2 capture  and  CO2/N2 selectivity
at  different  temperatures.  Experimental  equilibrium  data  were  fitted  to Langmuir  and  Sips  models.  The
adsorption  data  revealed  that  sepiolite  can be  an interesting  adsorbent  for CO2 capture,  achieving  a
capacity  of  1.70  mmol  g−1 at 338  K and  1 bar,  providing  a high  CO2/N2 selectivity  (440  mol  CO2/mol  N2).

© 2017  Elsevier  B.V.  All  rights  reserved.

O2/N2 selectivity

. Introduction

The world industrialization in the last two  centuries has been
ointed as the main cause of the gradual warming of the Earth
ue to the increasing emissions of the so-called greenhouse gases.
mong these gases, carbon dioxide (CO2) has reached levels higher

han 400 ppm today [1], which is believed to be the major cause of
limate change. The Intergovernmental Panel on Climate Change
IPCC) states that the world average temperature has been rising in
he past 100 years and an increase of ca. 6–8% is to be expected by
he end of the twenty-first century [2].

Global warming is claimed to be the cause of droughts, floods,
eat waves, destruction of ecosystems as well as economic losses.
ence, global society has been urged to discuss and develop more
tringent environmental laws and regulations in order to minimize
O2 emissions originated from the combustion of fossil fuels.

∗ Corresponding authors.
E-mail addresses: enrique@gpsa.ufc.br (E. Vilarrasa-García), jacecilia@uma.es

J.A. Cecilia), mbn@ufc.br (M.  Bastos-Neto), celio@gpsa.ufc.br (C.L. Cavalcante Jr.),
iana@gpsa.ufc.br, diana@pq.cnpq.br (D.C.S. Azevedo), castellon@uma.es
E. Rodríguez-Castellón).

ttp://dx.doi.org/10.1016/j.apsusc.2017.03.054
169-4332/© 2017 Elsevier B.V. All rights reserved.
In this context, new effective methods for the capture and
sequestration of CO2 from post-combustion effluents have been
developed in the last decades. The main technologies have been
focused on cryogenic distillation, membrane purification, absorp-
tion with liquids and adsorption using solids [3]. Cryogenic
distillation is an efficient process where the components are sep-
arated by a series of compression, cooling and expansion steps,
although its application is limited due to its high energy demand.
Membranes are also widely used in gas separation; however its
efficiency tends to be low when the gas mixture is poor in CO2.
CO2 absorption with liquids is the main large-scale CO2 cap-
ture technology using solvents with basic character such as alkyl
amine solutions. Nevertheless, this process shows drawbacks due
to the low thermal stability and consequent degradation of the
amine-based compounds, which leads to reduced effectiveness and
equipment corrosion. Moreover, this method requires relatively
high energy consumption for solvent regeneration [4,5]. Adsorption
in porous media is an alternative method to capture CO2, although
further development of adsorbents is still necessary for its use in
relatively concentrated streams.
The process of capturing CO2 using a dry adsorbent involves the
selective storage and separation of CO2 based on gas–solid interac-
tions [6]. Several parameters, such as surface chemistry and pore
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ize of the adsorbent as well as the operating conditions (i.e. tem-
erature and partial pressure), are key factors in the capture process
7].

Cyclic adsorption processes are classified according to the
egeneration step and the usual configurations are: a)pressure
wing adsorption (PSA) [8,9]; b) temperature-pressure-swing
dsorption (TPSA) [10,11], where two processes are combined,
.e., adsorption at a low temperature followed by desorp-
ion/regeneration by heating and lowering the pressure; c)
lectric-swing adsorption (ESA) [12], i.e., adsorption/desorption by
arying the electricity supply, with a low-voltage current pass-
ng through the adsorbent; and d) vacuum swing adsorption
VSA) [13]. Furthermore, adsorption-based technologies such as
ressure/vacuum-swing adsorption (PVSA) have been frequently

nvestigated because of their potentially low energy requirements
nd relative simplicity [14,15]. The use of commercially avail-
ble adsorbents, as zeolites and carbons, is well known. These
dsorbents preferentially bind CO2 either by weak van der Waals
orces or, for instance, by stronger dipole–quadrupole (electro-
tatic) interactions between CO2 and alkali-metal cations in the
eolite frameworks [16]. The adsorption efficiency is thought to be
mproved and stabilized by modifying the surface of the adsorbent

aterial with amine groups, which display high affinity towards
O2. However, the functionalization caused by the incorporation
f amine groups is not always beneficial because it may  impair
iffusion, particularly in materials with smaller pore size.

Silica-based mesoporous materials have been widely evaluated
or the CO2 capture. Thus, adsorbents such as SBA-15 [17–21],

CM-41 [22], HMS  [23,24], KIT-6 [25] or mesocellular silica foams
ave been studied due to their high surface area, adequate size
f the mesochannels [19,20] for amine functionalization and high
hermal and mechanical resistances. The incorporation of amine
roups on the mesoporous materials enhances the CO2 capture
fficiency. These functionalization procedures are carried out fol-
owing two main strategies. The first strategy is based on a grafting
rocess between the silanol groups located on the surface of the
dsorbent and aminosilane species, leading to adsorbents with
igh thermal stability, high water tolerance and high selectivity
owards CO2 [17]. The second strategy is based on the impregna-
ion of porous silica with large amounts of amine polymers (e.g.,
olyethyleneimine or PEI and tetraethylenepentamine or TEPA);
here the amine polymer is stabilized by hydrogen bonding with

urface silanol groups, although CO2 adsorption is restricted by
iffusional considerations [18,26].

Metal organic framework adsorbents display a structure with
arge body volume because the pores are attached to organic

olecules and knots of metallic ions. MOFs are widely used as stor-
ge media for various gases because the pore diameters can be
asily controlled [27,28]. However MOFs have poor performance
s compared to other solid sorbents at low partial pressures of CO2,
nd maintenance of a high partial pressure is not always economi-
ally feasible. In addition, MOFs are complex, expensive and suffer
rom hydrothermal and mechanical unstabilities.

Metal oxides such as CaO and MgO  are candidates for CO2
apture because of their basicity, low cost, low toxicity and high
vailability. However, the regeneration of these materials requires
igh-energy consumption rendering this process relatively expen-
ive [29].

Most of the adsorbents reported in the literature are not com-
ercially available for full-scale industrial operation. Thus, it is

ecessary to develop low-cost materials with high thermal, chem-
cal and mechanical stability to be used as adsorbents for CO2

apture from the fossil fuel-fired power plants with high selectivity
owards CO2 in comparison to other flue gases, such as N2. With this
espect, clay minerals are the most abundant inorganic component
n the surface of the Earth. Several phyllosilicates such as kaolin-
ce Science 410 (2017) 315–325

ite [30,31], bentonite [30–33] or sepiolite [34] have been modified
by acid treatment to improve their textural properties by partial
digestion of the clay mineral structure.

The aim of the present work is to evaluate the adsorption
capacity for CO2 of sepiolites modified by a microwave-assisted
acid treatment. The use of microwave-heating techniques in the
acid activation of clay minerals offers advantages over conven-
tional methods including a higher heating rate that reduces the
treatment time and promoteshomogeneous heating [35–37]. The
treated sepiolites were impregnated with polyethylenimine (PEI),
a rich-amine polymer. The influence of the activation time of the
sepiolite as well as the amount of loaded amine of PEI were eval-
uated in this work. Moreover, in order to assess the adsorption
capacity of these materials in flue gas of power plants, CO2 adsorp-
tion in presence of N2 was  also studied.

2. Experimental

2.1. Materials

The starting material was a sepiolite obtained from Madrid Basin
deposits (Barajas, Madrid, Spain). The reagent used in the acid
treatment was nitric acid (HNO3, VWR  68%). The impregnation of
the activated sepiolite was  performed with branched polyethylen-
imine (PEI) (average molecular weight Mn  ∼600, Aldrich) using
methanol 99.9% (Aldrich) as solvent. He (Air Liquide 99.99%), N2 (Air
Liquide 99.9999%) and CO2 (Air Liquide 99.998%) were employed
for measurements on the manometric equipment (up to 1 bar). For
CO2 and N2 adsorption measurements at high pressure White Mar-
tins supplied CO2 (99.5%) and N2 (99.990%).

2.2. Preparation of the adsorbents

In each acid activation process, about 5 g of dried sepiolite were
treated with 50 mL  of 0.2 mol L−1 HNO3 for 2, 4, 8 and 16 min under
microwave radiation at 800 W,  in an open glass cylinder reactor.
Franco and coworkers [35] compared in their research the use of
two different acid solutions (HNO3 and HCl with the same concen-
tration) and concluded that the use of HNO3 was more effective in
terms of increasing textural properties in the range of treatment
time under study.

After the acid treatment, the samples were washed until a neu-
tral pH was  reached and then centrifuged. Then, samples were dried
at 333 K overnight. The obtained samples were labeled according
to the treatment time as follows: S (non-treated), S-2 m, S-4 m,
S-8 m and S-16 m for 0, 2, 4, 8 and 16 min  under microwave radia-
tion, respectively. Then, the samples were impregnated with a PEI
loading in the range of 20–60 wt.%, as described elsewhere [18,20].

2.3. Characterization techniques

The chemical analysis (major elements) of untreated samples
and obtained products was  performed by means of the MagiX X-ray
fluorescence (XRF) spectrometer of PANanalytical.

X-ray diffraction (XRD) was  used to identify the crystalline
phases of the synthesized solids. These experiments were per-
formed on an X’Pert Pro MPD  automated diffractometer equipped
with a Ge (111) primary monochromator (strictly monochromatic
Cu-K� radiation) and an X’Celerator detector. Measurements were
obtained for 2� in the range of 2–65◦.

The textural parameters (SBET, VP and DP) were evaluated from
nitrogen adsorption-desorption isotherms at 77 K as determined by

an automatic ASAP 2020 system from Micromeritics. Prior to the
measurements, samples were outgassed at 473 K and 10−4 mbar
overnight. Specific surface areas were determined by using the
Brunauer–Emmett–Teller (BET) equation [38] assuming a cross
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ection of 0.162 nm2 for the nitrogen molecule. Micropore sur-
ace areas were obtained by de Boer’s t-plot method [39]. The
pecific pore volume was calculated by applying the Barrett-Joyner-
alenda (BJH) method [40] to the desorption branch of the N2

sotherm. The total pore volume was calculated from the total
2adsorbed at a relative pressure of 0.996.

FTIR spectra were collected on a Varian 3100 FTIR spectropho-
ometer. The interferograms consisted of 200 scans, and the spectra
ere collected using a KBr spectrum as background. About 30 mg

f a mixture of each sample and KBr with a weight ratio of 1:9 were
laced in the sample holder and then spectra were collected.

Elemental chemical analysis was performed with a LECO CHNS
32 analyzer to determine the nitrogen content present through
he combustion of the samples at 1373 K in pure oxygen to form
Ox.

For the acid treatment, a commercially available microwave sys-
em EMS20100OX (Electrolux, Sweden) operating at 800 W and
.445 GHz was used. In all cases, the irradiation was  supplied in
iscontinuous form, pausing every minute, to avoid that the sus-
ension temperature exceeds 373 K [41].

.4. CO2 adsorption test

CO2 adsorption-desorption isotherms were measured with a
icromeritics ASAP 2020 Analyzer (i.e., by volumetry-manometry)

t 298, 318 and 338 K. Prior to the measurements, samples were
utgassed at 473 K and 10−4 mbar overnight.

Single gas CO2, N2 and binary mixture gas CO2/N2 adsorption
easurements at higher pressure were performed using a Ruboth-

rm (Bochum, Germany) magnetic suspension balance equipped
ith a gas mixture dosing unit. Around 0.5 g of each sample were
sed for gravimetric measurements. Prior to each measurement,
amples were outgassed at 473 K for 2 h (heating rate of 2 K min−1)
nder vacuum (10−3 bar). The regenerated samples were exposed
o stepwise increases of the pure (or mixed) gas pressure at con-
tant temperature. The change in weight of the samples after each
ressure step was measured continuously until equilibrium was
eached. The condition to satisfy equilibrium was a mass variation
f less than 10−4 g for 30 min. A correction for the buoyancy effect
as performed by helium gas measurements at 298 K in the pres-

ure range of 0–12 bar, to allow for determination of the excess
dsorbed concentration. The temperature during the adsorption
sotherms measurements was held constant by means of a ther-

ostat bath.
The excess adsorbed concentration (g or mol  of adsorbate gas

er unit mass of adsorbent) was calculated by application of Eq.
1):

exc = �m + � (Vb + Vs) (1)

here mexc is the excess adsorbed concentration, �m is the mass
ifference (per unit mass of adsorbent) between the mass at each
ressure and the mass under vacuum (after regeneration), � is the
ensity (at a fixed P and T) of the gas surrounding the adsorbent.
ensity was obtained in either two ways: from equations of state

CO2 ([42]), N2 ([43]), He ([44]) or experimentally by direct mea-
urements using the balance. Vs and Vb are the specific volumes
f adsorbent solid phase and suspended components inside the
easuring chamber, respectively.
Isotherms were obtained in the pressure range of 0–10 bar.

ithin this range the deviations between excess adsorbed concen-
ration and absolute adsorbed concentration for CO2 and N2 are

egligible [45] and hence no correction to the experimental values
excess adsorbed concentration ∼ absolute adsorbed concentra-
ion) were required for the sake of comparison with predictive
quilibrium models.
ce Science 410 (2017) 315–325 317

2.5. Equilibrium models

The simplest theoretical model for monolayer adsorption is the
Langmuir model. The Langmuir adsorption model is still the most
widely used procedure to fit pure gas isotherms. The Langmuir
equation is

q = qm
bP

1 + bP
(2)

where q is the quantity of gas adsorbed per unit mass of adsor-
bent at a given T and P, qm is the maximum adsorbed concentration
in mmol  g−1 [46]. Parameter b is related to the affinity between
adsorbate and adsorbent (Langmuir constant), which defines the
strength of the adsorbate-adsorbent interaction. When the affin-
ity constant b is larger, the adsorbate molecule is more strongly
bound to the adsorbent surface as a result of the stronger affinity
of adsorbate molecule with the surface of the adsorbent. Besides,
an increase in temperature decreases the amount adsorbed at a
given pressure due to the higher energy needed for the adsorbed
molecule to evaporate [47]. Eq. (3) is used to describe the relation
between the b parameter and temperature:

b = b0e
Ea⁄RT (3)

where b0 and Ea are constant parameters for the pair adsorbent-
adsorbate, and they are defined as pre-exponential factor and
activation energy, respectively.

Another model applied to represent the experimental data was
the Sips model (Eq. (4)).

q = qm
(bP)1/m

1 + (bP)1/m
(4)

The difference between this equation in comparison to the Lang-
muir equation is the incorporation of parameter “m” that defines
the heterogeneity of the system. Thus, when this parameter is equal
to the unity, the Sips equation reduces to the Langmuir equation,
which can be applied for ideal surfaces. Nonetheless, the param-
eter m is usually greater than unity, and therefore the larger this
parameter, the more heterogeneous the system is [47].

Another model used to fit the pure component experimental
data was  the single gas Dualsite Sips model (qm1, b1, m1, qm2, b2, m2).
This model assumes that the solid is mainly composed of two  ener-
getically different adsorption sites. All assumptions of the Langmuir
model can be applied to each site, with no interactions between the
two different sites, so that the total adsorbed concentration would
be given by Eq. (5):

q = qm1
(b1P)1/m1

1 + (b1P)1/m1
+ qm2

(b2P)1/m2

1 + (b2P)1/m2
(5)

where q is the adsorbed concentration of adsorbate gas (mmol g−1)
in equilibrium with adsorbate pressure (e.g. mmHg), whereas qm1
and qm2 are the saturation capacities for sites 1 and 2, respec-
tively; and b1 and b2 are the affinity parameters for site 1 and
2, respectively. In this work, it has been assumed that site 1 is
related to non-specific physisorption between the solid and the
gas molecules, whereas site 2 is associated with CO2 adsorption by
reaction with amino groups and on this site only CO2 is adsorbed.

Multicomponent adsorption equilibria may  often be predicted
from single-gas component data. Therefore, successful prediction
of multicomponent adsorption equilibria strongly relies on accu-

rate measurements of single component data and on a precise
correlation of these data with an isotherm model for mixtures. In
this work, we  have tried to predict the amount adsorbed of com-
ponent i of a binary mixture by applying the following models:
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xtended Langmuir (Eq. (6)), Extended Sips (Eq. (7)) and Extended
ualsite Langmuir (Eq. (8)) and Sips (Eq. (9)).

 = qm,ibiPi

1 + (
∑N

i=1biPi)
(6)

 = qm,i(biPi)
1/mi

1 + (
∑N

i=1biPi)
1/mi

(7)

 = qibiPi

1 + biPi
+ qjbjPj

1 + (
∑N

j=1bjPj)
(8)

 = qi(biPi)
1/mi

1 + (biPi)
1/mi

+ qj(bjPj)
1/mj

1 +
(∑N

j=1

(
bjPj

)1/mj
) (9)

. Results and discussion

.1. Characterization

The resulting mass of each treated sample was  weighed and
ompared to that of the pristine sepiolite in order to understand the
hanges brought about by the acid treatment. The results (Fig. 1)
how that there is a mass loss as great as 12% for only two minutes
f microwave acid treatment. Sample mass keeps decreasing lin-
arly for increasing time of treatment, at a rate of approximately
.7 wt.% min−1 in the following 14 min. This trend could be related
o the progressive transformation from sepiolite to pure silica at an
nfinitely long acid treatment.
In order to determine the chemical composition of the sepiolite
rior and after the microwave-assisted acid treatment, X-ray fluo-
escence (XRF) analyses were carried out (Fig. 2). As reported in a
revious study [35], the mineralogical formula cannot be obtained
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ig. 2. Chemical composition of sepiolite and modified sepiolites by acid treatment
etermined by X-ray fluorescence.
Fig. 3. X ray diffractograms of starting sepiolite and modified sepiolite by acid
treatment.

by the coexistence of at least two  sepiolite phases and other crys-
tallography phases. The microwave-assisted acid treatment causes
a progressive loss of Mg2+ species of the octahedral sheet, while
Si4+ and Al3+ are not extracted of the framework (see Fig. 2).

The diffraction pattern of the raw material (Fig. 3) shows that
sepiolite is the main mineralogical phase. In addition, a detailed
analysis of the diffractogram shows minor amounts of quartz,
feldspar and opal CT, as previously reported [35]. The microwave-
assisted acid treatment causes significant changes in the diffraction
pattern of the sepiolite, mainly in the d110 reflection, located at
about 2� = 7.3◦. Moreover, the d441, d530 and d371 reflections located
at 2� between 31.9 and 36.1◦ are highly sensitive to the acid treat-
ment, leading to a structural transformation by the leaching of
Mg2+ species, as shown in Fig. 2, and generating a SiO2-rich and
amorphous material after 16 min  of acid treatment. In addition, the
diffraction peaks attributed to quartz (e.g. reflection at 26◦ over-
lapped with the narrow peak assigned to 080 planes) and feldspar
(reflections located between 21–22◦) [35] seems to remain unal-
tered by the acid treatment.

The FTIR spectra of the raw sepiolite and the samples treated
with HNO3 and microwave radiation are compiled in Fig. 4. The
FTIR spectrum of the raw sepiolite can be analyzed in three sub-
regions. The first set of bands located between 3700 and 3000 cm−1

are attributed to the stretching vibrational mode of OH. Previous
research of FTIR has revealed the presence of two bands located at
about 3689 and 3633 cm−1 assigned to OH groups coordinated
to the magnesium species present in sepiolite [48]. In addition,
the band located at about 3564 cm−1 is attributed to the water
coordinated with the magnesium species of the sepiolite [48].
Other bands located below 3500 cm−1 are attributed to zeolitic
and coordinated water [49]. The second set of bands is located
between 1700 and 1600 cm−1 attributed to OH bending modes.
Thus, the bands located at about 1627 and 1666 cm−1 are assigned
to bending modes of adsorbed water and zeolitic water, respec-
tively [50]. Finally, the bands located in the range of 1300–900 cm−1

are assigned to Si O stretching modes, while the bands located
between 900 and 700 cm−1 are assigned to M OH deformation
modes and the bands located 700 and 600 cm−1are ascribed to
M OH translation modes [48].

The FTIR spectra of the samples modified with the microwave-
assisted acid treatment reveal the progressive loss of the bands
attributed to magnesium species coordinated with OH and H2O
located between 3700 and 3550 cm−1. This decrease is not pro-
portional for all bands, which indicates different reactivity sites

under the acid treatment. In addition, the appearance of a new band
located at about 3740 cm−1 is noticeable and assigned to the OH
stretching vibrational mode in the form of Si OH [51]. These results
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Fig. 4. FTIR spectra for sepiolite and samples treated with HNO3 and microwave radiation in the region (A) 4000–3000 and (B) 1900–600 cm−1.
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is attributed to N H bending vibration of the PEI [55].
N2 adsorption-desorption isotherms at 77 K are compiled in

Fig. 6. According to the IUPAC classification, both raw sepiolite and
the sepiolite treated with HNO3 and microwave radiation display
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re in agreement with those shown in the gravimetric analysis,
RF and XRD, where the mass loss is associated to the Mg2+ leach-

ng of the sepiolite framework, leading to an almost amorphous
ilica after 16 min  of acid treatment. The H O H bending modes
1700–1600 cm−1) reflect the loss of the zeolitic water, located at
bout 1666 cm−1, which suggests the decrease of microporosity
fter the acid treatment. The band attributed to Si O stretching
ode is modified, leading to a broad band between 1325 and

000 cm−1, which confirms the changes of the sepiolite structure
uring the acid treatment. The bands attributed to M OH deforma-
ion and translation also suffer modifications due to the formation
f free silica [51].

Both raw sepiolite and sepiolite treated with acid and
icrowaves were impregnated with PEI, as amine source (Fig. 5).

n all cases, new bands arise at 2950 and 2840 cm−1, attributed
o asymmetric and symmetric C H stretching mode, respectively,
ue to the alkyl chain of PEI [52]. The bands located at 1565 and
485 cm−1 are attributed to asymmetric and symmetric bending
f primary amines, respectively [53], although the band located at

485 cm−1 can be also attributed to the deformation of C H bond
54]. In addition, the band located about 1310 cm−1 is assigned to
nd (B) sample treated with microwave radiation after PEI impregnation in different

NCOO- skeletal vibration [53] and the band located about 687 cm−1
Relative pressure  (PP
0

-1
)

Fig. 6. N2 adsorption-desorption isotherms at 77 K for sepiolite and sepiolite ther-
mally treated at 2, 4, 8 and 16 min. All samples were outgassed at 473 K.
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Fig. 7. CO2 adsorption-desorption isotherms at 298 K. Filled circles for adsorption
data and empty for desorption data. Adsorption data were fitted to Langmuir model
and  curve fit is also plotted (continuous line).

Table 1
Textural properties obtained from N2 adsorption-desorption isotherms at 77 K for
samples outgassed at 473 K.

Sample SBET

(m2 g−1)
Smicrop

(m2 g−1)
Vpore

(cm3 g−1)
Pore diameter
(nm)a

Toutgass. 473 K
S 128 17 0.38 11.9
S-2  m 206 62 0.43 8.3
S-4  m 296 138 0.46 6.9
S-8  m 366 145 0.56 6.2

a
H
p
p

F
a

S-16  m 433 116 0.66 6.1

a Pore diameter calculated by BJH method applied to desorption branch.
 type II isotherm with narrow hysteresis loops, corresponding to
3 type, which is attributed to the presence of narrow slit-shaped
ores [56]. The specific surface areas (SBET), pore diameters and
ore volumes are compiled in Table 1. The microwave assisted acid
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lso  plotted as red and black line respectively. (For interpretation of the references to col
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treatment produces an increase of the SBETvalues from 128 m2 g−1

for the raw sepiolite to 433 m2 g−1 for the sample treated for 16 min.
In addition, the pore volume also increases. This fact is attributed
to the formation of cavities by the leaching of Mg2+ species coming
from centers of octahedral sites of the sepiolite, although this fact-
could cause microporosity loss by a framework collapse forlonger
treatment with acid [35,57].

The impregnation of sepiolite with PEI induces a dramatic
decrease of the surface area and the pore volume due to the stacking
of the PEI molecules in micropores and mesopores, which hinders
the access of CO2 molecules to the porous inner structure of the
adsorbents.

3.2. CO2 adsorption

3.2.1. CO2 adsorption of sepiolites
The CO2 adsorption-desorption isotherms at 298 K are shown in

Fig. 7. Langmuir model was  fitted to the adsorption isotherms.
It can be observed that the microwave-assisted acid treatment

had a positive effect on CO2 adsorption, but it tends to progressively
decrease CO2 adsorption capacity at longer treatment periods,
probably due to the progressive depletion by leaching of Mg2+

cations.
The CO2 isotherms at 298, 318 and 338 K are shown in Fig. 8. In

all cases the equilibrium adsorption capacities decrease markedly
with increasing temperature, especially at pressures close to 1 bar.
This behavior indicates that the CO2 adsorption process takes place
as a physical process, suggesting the exothermic nature of CO2
adsorption.

From the CO2 adsorption isotherms, it can be observed that after

two minutes of assisted treatment, the material almost doubles the
amount of CO2 adsorbed at the same studied conditions, reaching
1.07 mmol  CO2 g−1. This result is higher than other data reported
in the literature for clay materials, such as intercalated bentonite
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raw sepiolite, (B) S-2 m,  (C) S-4 m and (D) S-8 m. Langmuir and Sips fitting data are
or in this figure legend, the reader is referred to the web version of this article.)
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Table  2
Langmuir fit parameterfor S, S-2 m,  S-4 m and S-8 m samples. Average of Isosteric heats of adsorption (Haver) in the studied pressure range calculated from Clausius Clapeyron
equation are also shown.

T Langmuir fit parameters Haver

qm b R2 b0 Ea

S 298 1.199 0.937 0.99327 0.000193 21.06 20.88
318  0.574 0.99538
338 0.342 0.99954

S-2  m 298 1.714 1.654 0.99641 0.000912 18.74 18.95
318 1.246 0.99942
338 0.670 0.99874

S-4  m 298 1.496 1.755 0.99942 0.001274 17.86 18.84
318  1.055 0.99899
338 0.749 0.99952

S-8  m 298 1.421 1.504 0.99932 0.001931 16.59 17.69
318  1.121 0.99995
338 0.677 0.99591

T: Kelvin; qm: mmol  g−1, b and b0: bar−1, Ea and Haver: kJ mol−1.

Table 3
Sips fit parameterfor S, S-2 m,  S-4 m and S-8 m samples.

T Sips fit parameters

qm b m R2 b0 Ea

S 298 1.393 0.719 1.044 0.99631 0.000171 20.71
318  0.447 0.99441
338  0.266 0.99978

S-2  m 298 1.736 1.611 1.006 0.99831 0.000898 18.71
318  1.211 0.99988
338  0.653 0.99902

S-4  m 298 1.479 1.795 0.994 0.99955 0.001914 18.09
318  1.072 0.99912
338  0.758 0.99994

S-8  m 298 1.404 1.539 0.994 0.99902 0.001951 16.63
318  1.142 0.99981

T

M
0

T
t
A
a
a
T
i
a

F
(
e

338  0.692 

: Kelvin; qm: mmol  g−1, b and b0: bar−1, Ea: kJ mol−1.

EA  [58] and acid-activated bentonite [59] that adsorbed 0.79 and
.75 mmol  CO2 g−1 at 298 K, respectively.

The Langmuir and Sips fitting parameters are summarized in
ables 2 and 3, respectively. In Fig. 9 isosteric heats of adsorp-
ion calculated using the Clausius-Clapeyron equation are shown.

 decrease in isosteric heats of adsorption with increasing time of
cid treatment may  be observed. This fact could be related with the
morphization of the sepiolite due to the thermal acid treatment.

he depletion of Mg2+ species could lead to the decrease of the affin-
ty to CO2 adsorption due to a minor polarity of sepiolite surface,
lthough the increase of SBET values and pore volume improves CO2
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ig. 9. Isosteric heats of adsorption for S (fill circle), S-2 m (fill triangle), S-4 m
empty circle) and S-8 m (empty triangle) calculated from the Clausius-Clapeyron
quation.
0.99772

capacities in the first minutes due to the sepiolite structureis not
collapsed yet.

3.2.2. CO2 adsorption of sepiolite functionalized with PEI
In order to improve the CO2 adsorption capacity of the sepiolite

modified by acid treatment assisted with microwaves, all samples
(sepiolite and acid treated sepiolites) were functionalized with the
same amount of PEI (40 wt.%) by impregnation following a previ-

ously described methodology [18,20].

CO2 isotherms at 298 K for PEI-sepiolites are shown in Fig. 10.
It can be observed that after 2 min  of acid treatment the quantity
adsorbed remains almost unaltered in comparison to the stating
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Fig. 10. CO2 adsorption-desorption isotherms at 298 K for PEI (40 wt.%) impreg-
nated sepiolite and modified sepiolites by acid treatment with microwave radiation.
Filled circles for adsorption data and empty for desorption data.
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Table 4
Content (%) of C and N determined by elemental analysis related to the amount of
CO2 adsorbed at 298 K and 1 bar.

Sample Elemental analysis (CNH) q mol  CO2/mol N

C N

20% PEI 18.90 12.03 0.66 0.077
30%  PEI 26.84 15.26 1.15 0.105
40%  PEI 30.12 17.21 1.11 0.090
50%  PEI 34.25 19.52 0.97 0.069

q: mmol CO2 g−1.

Table 5
Quantity of CO2 adsorbed (mmol  CO2 g−1) at 298 K and 1 bar for PEI impregnated
sepiolite (30 and 50 wt.%) modified by acid treatment with microwave radiation
after 8 min.

Sample S-8 m q (mmol  CO2 g−1), P = 1 bar

298 K 318 K 338 K

m
o
i
a
P
o
f
t

e
a
f
i
n

b
a
t
h
p
a
e
i
t
C
f
1
l

availability and relatively low cost of sepiolitein comparison to

T
S

M

30%PEI 1.12 1.37 1.70
50%PEI 0.89 0.90 1.05

aterial, however a slight increase is observed after 4 and 8 min
f treatment. The high initial slope of the isotherms for samples
mpregnated with PEI in comparison with the samples without
mine groups suggests that these adsorbents are not suitable for
SA processes, where low pressure is required by the regeneration
f the adsorbent; however this adsorbent might be appropriate
or TSA processes, in which the adsorbent can be regenerated by
hermal treatment.

All isotherms showed hysteresis loops associated with the pres-
nce of amines. S-8 m sample (40 wt.% PEI) displays the highest CO2
dsorbed value (1.11 mmol  CO2 g−1 at 298 K and 1 bar), and there-
ore this sample was chosen to evaluate the influence of the PEI
mpregnated on the sepiolite. Thus, S-8 m sample was also impreg-
ated with 20, 30 and 50 wt.% PEI.

From the elemental analysis data, reported in Table 4, it can
e observed how the nitrogen content increases directly with the
mount of polymer impregnated. However, higher nitrogen con-
ent does not imply larger CO2 adsorption capacity. In this sense, it
as been reported in the literature that large amount of rich-amine
olymer are stacked on the surface of the adsorbent decreasing the
mount of available amine sites [18]. In the present work, the high-
st CO2 adsorption capacity, 1.15 mmol  CO2 g−1 at 298 K and 1 bar,
s obtained when S-8 m sample is impregnated with 30% PEI, where
he nitrogen content is 15.26% N and the efficiency in terms of mol
O2/mol N is 0.105. The influence of the temperature of the PEI-
unctionalized materials in the CO2 adsorption were evaluated at
 bar for samples impregnated with 30 and 50 wt.% PEI (higher and

ower efficiency, respectively) at 298, 318 and 338 K (Table 5).

able 6
ome data of amount of CO2 adsorbed in PEI-impregnated samples collected from bibliog

Sample PEI (wt.%) S (m2 g−1) q (mmol  g−1) 

AC 30 90 1.14 

S-8 m 30 41 1.12 

S-8  m 30 41 1.70 

Meso  Al2O3 40 58 1.50 

MCM-41 50 4 0.75 

MCM-41 50 4 2.03 

MCM-41 50 4 2.84 

MCSs 50 36 3.71 

AC 50 2 1.30 

AC/K2CO3 50 4 1.20 

SBA-15 50 5 1.60 

UiO66 30 37 1.65 

CSs: mesoporous carbon spheres.
ce Science 410 (2017) 315–325

The highest CO2 adsorption capacity was obtained for S-8 m
sample impregnated with 30 wt.% PEI in the temperature range
studied (298–338 K). It is widely reported that CO2 adsorption is an
exothermic process, so increasing temperature is unfavorable for
CO2 adsorption capacity. However, the formation of bulk-like PEI
inside the pore (or over the adsorbent surface) leads to an improv-
ing of the CO2 uptake, although this process is limited by diffusion
resistance at low temperatures [60]. An increase of the temperature
diminishes the diffusion limitation of CO2through PEI layerslead-
ing to higher amount of accessible amine sites [61,62]. It is well
reported in the literaturethat the reaction mechanism of CO2with
amine groups takes place through zwitterion formation [22,63,64],
according to the following reactions:

RR′NH + CO2 → RR′NH+COO−(Zwitterion) (1)

RR′NH+COO− + RRNH ↔ RR′NCOO−(Carbamate) + RRNH2
+ (2)

The overall reaction is

2RR′NH + CO2 ↔ RR′NCOO− + RRNH2
+ (3)

RR′NCOO− + H2O ↔ RR′NH + HCO3
− (4)

The formation of zwitterion is followed by the deprotonation
of the zwitterion by a base to produce a carbamate [65,66]. The
CO2 adsorption efficiency, defined as the ratio between moles of
CO2 adsorbed and moles of N in the material, is a useful tool to
quantify the effectiveness of amine-based CO2 adsorbents. In the
mechanism of zwitterion formation, under anhydrous conditions,
a second amine typically acts as the base to produce an ammo-
nium carbamate, giving a theoretical maximum amine efficiency of
0.5. This suggests that achieving a high density of amines in close
proximity to each other can enhance the amine efficiency.

Thereby, from the proposed reaction mechanism of CO2 with
amine groups the maximum efficiency in anhydrous conditions
is 0.5 mol  CO2/mol N. The data shown in the current research
reveals that the maximum efficiency was  found around 0.11 mol
CO2/mol N, calculated by using the maximum quantity of CO2
adsorbed in site 2 (qm2), adsorbed amount that is related to chem-
ical adsorption. This result is lower than those data reported for
other adsorbents such as PEI-SBA-15 [20]. The low efficiency is
related with the structure arrangement of sepiolite with slit shaped
pores, where PEI layers create a viscous network so that a high
quantity of amino groups are inaccessible for CO2 molecules in
the temperature range under study. With regards to adsorbed CO2,
the results obtained in this work are in the range to other data
previously reported (see Table 6). Taking into account the wide
other porous materials, such as SBA-15 or MCM-41, as well as the
simplicity of the modification treatment, these adsorbents show
promise for CO2 adsorption applications.

raphy.

Operation conditions T (K) Reference

100% CO2 298 [67]
100% CO2 298 This work
100% CO2 338 This work
100% CO2 373 [68]
100% CO2 298 [69]
15% CO2 in N2 348 [70]
13% CO2 (10% H2O) in N2 348 [70]
15% CO2 in N2 348 [71]
8% CO2 in N2 333 [72]
8% CO2 in N2 333 [72]
100% CO2 348 [73]
100% CO2 338 [74]
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Fig. 11. CO2 (blue circles), N2 (green circles) and CO2/N2 (15/85 v/v) (empty red circles) experimental isotherms at (A) 298 K and (B) 338 K for 30 wt.% PEI-S-8 m.  Extended
Sips  (line) and Extended Langmuir (dashed line) with Dualsite fit model are also plotted. (For interpretation of the references to color in this figure legend, the reader is
referred to the web  version of this article.)

Table 7
Dualsite Langmuir parameters for CO2 and Langmuir parameters for N2 at 298 and 338 K for S-8 m impregnated with 30% PEI.

T(K)/gas Site 1 Site 2 R2 mol  CO2/mol N Site2

qm b qm b

298/CO2 0.704 1.556 0.751 12.041 0.96222 0.068
298/N2 0.077 1.702 – – 0.83109
338/CO2 0.569 2.002 1.159 22.004 0.98491 0.106
338/N2 0.032 1.661 – – 0.71928

qm: mmol  g−1; b: bar−1.

Table 8
Dualsite Sips parameters for CO2 and Sips parameters for N2 at 298 and 338 K for S-8 m impregnated with 30% PEI.

T(K)/gas Site 1 Site 2 R2 mol  CO2/mol N Site2

qm b m qm b m

298/CO2 0.768 2.001 1.399 0.704 18.002 1.452 0.94854 0.064
298/N2 0.085 1.702 1.796 – – – 0.91508
338/CO2 0.659 1.799 1.397 1.204 22.003 1.804 0.94604 0.111
338/N2 0.033 1.668 1.121 – – – 0.75092

q

C
s
u
r
t
m

a
s
a
t
D
w
a

E
w
b
s
e
t

d

m: mmol  g−1; b: bar−1.

Finally, in order to simulate the flue gas conditions, CO2, N2 and
O2/N2 mixture (15/85% v/v) were obtained in a magnetic suspen-
ion balance (Rubotherm, Germany) equipped with a gas dosing
nit. The CO2/N2 mixture isotherms obtained were adjusted with
elatively good accuracy from the estimated Sips parameters for
he pure gas isotherms using Extended Sips model with Dualsite

odel.
In Fig. 11(a) and (b), it may  be observed that the presence of

mine groups on the adsorbent surface has a direct impact on the
hape of CO2 and N2 pure isotherms. As previously indicated, CO2
dsorption on amino-functionalized materials occurs by the Zwit-
erion mechanism, which is observed in the higher b values from
ualsite Langmuir and Dualsite Sips models (see Tables 7 and 8),
hile N2 isotherms show a nearly linear behavior indicating lower

ffinity for these amino functionalized materials.
In order to predict the binary experimental adsorption data,

xtended Dualsite Langmuir and Extended Dualsite Sips models
ere used (Fig. 11). From the monocomponent data, simulated

inary isotherms were satisfactorily predicted. The Extended Dual-
ite Sips model shows higher accuracywith respect to the binary
xperimental data. This fact is related to the presence of an addi-

ional parameterin this model.

In terms of selectivity, the Extended Sips model predicts a
ecreasing selectivity as pressure increases from 128 (0.3 bar) to
54 (10 bar) mol  CO2/mol N2 at 298 K. On the other hand, when the
temperature increases, the selectivity predicted using the Extended
Sips model is higher due to the lower CO2 diffusion resistances. S-
8 m impregnated with 30% of PEI exhibited a high selectivity at
338 K, decreasing from 440 to 240 mol  CO2/mol N2 (from 0.05 to
1.5 bar of CO2 partial pressure).

4. Conclusions

The microwave-assisted acid treatment has proved to be an
effective method to activate sepiolites. Using this type of treatment,
in just a few minutes, it is possible to obtain materials with textural
properties similar to those found usingtraditional methods, which
require over 48 h of treatment. These acid treated sepiolites with
assistance of microwave radiation exhibited a higher CO2 adsorp-
tion capacity than the original material, reaching 47 mg  CO2 g−1 at
1 bar and 298 K, probably due to their higher specific surface area
and pore volume.

After PEI impregnation, the sample treated for 8 min  (S-8 m)
shows the best CO2 capacity. The interaction of CO2 with the PEI

is thermally activated, so that CO2 retention as well as CO2/N2
selectivity increases with the temperature in the studied range
(298–338 K), which is desirable in the post-combustion emis-
sion scenarios. Thereby the S-8 m sample adsorbed 75 mg  CO2 g−1
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338 K, 1 bar), also showing high CO2 selectivity over N2 (440 mol
O2/mol N2 at 0.3 bar).
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