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The surface of ordered mesoporous (MCM-48) silica has been subjected to covalent grafting with silane molecules con-
taining one to three amino groups. The dielectric properties of the materials were studied in detail, and the functional-
ized materials were used for CO2 adsorption at room temperature, followed by regeneration under either conventional
heating or microwave irradiation. It has been found that, as the intensity of functionalization with amino groups
increases (from mono- to tri-amino silanes) both the CO2 load and the dielectric response at microwave frequencies
increase. In particular, functionalization with a tri-amino silane derivative gave the highest CO2 adsorption and the
fastest microwave heating, resulting in a fourfold acceleration of adsorbent regeneration. The grafted material was fully
stable for at least 20 adsorption-regeneration cycles, making it an ideal candidate for microwave-swing adsorption
(MWSA) processes. VC 2015 American Institute of Chemical Engineers AIChE J, 62: 547–555, 2016
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Introduction

Among CO2 capture technologies, adsorption is the most

promising in the range of low temperature operation1 includ-

ing postcombustion capture systems as well as the capture of

CO2 from ambient air and its subsequent reutilization as part

of a climate change mitigation strategy.2 Apart from the more

classical zeolites and activated carbons, in recent years metal

organic frameworks (MOF), and a wide variety of amino-

functionalized materials have shown exciting performance in

terms of loading capacity and selectivity towards CO2 adsorp-

tion. At a low CO2 pressure of 0.1 kPa and 293 K, the highest

load around 6 mmol/g (26% wt.) has been obtained with Mg-

MOF74.3 It is important to note that this material is hydro-

philic and in the presence of water its CO2 uptake capacity is

strongly reduced as was also observed for most zeolites.

Appropriate functionalization of adsorbents (typically by

amino groups) can also be used to increase the capacity and

selectivity towards CO2 adsorption. In the group of amine-
modified mesoporous silicas, the best results were reported by
the group of Sayari et al.4,5 They synthesized a pore-expanded
mesoporous silica (PE-MCM41) and modified it with a tri-
amine silane agent. The CO2 uptake at 10 kPa and 298 K was
2.2 mmol/g (9.7% wt.), comparable to that of a typical zeolite
13X. However, in this case, the presence of water increased
the CO2 uptake (2.9 mmol/g) outperforming the zeolite.

At least as important as the capacity and selectivity of a sor-
bent toward CO2 is the possibility of a cost-effective regenera-
tion. Ideally, desorption processes would be fast (to produce a
concentrated CO2 stream) and would require a minimal
amount of energy. In fact, energy costs often determine the
viability of the entire process,6 which has prompted an intense
research into alternative methods of energy management. In
the last two decades, microwave (MW) irradiation has
emerged as a highly effective way to supply energy in several
types of intensified processes7 including those involving solid
materials8,9 such as sintering and ceramic processing,10 cataly-
sis,11 and desorption12,13 in the so called microwave-swing
adsorption (MWSA) process. The main advantage of MWSA
relates to the fact that, unlike conventional heating where sol-
ids heat through conduction and convection, microwaves are
able to provide energy to susceptible materials in a direct
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manner, and thus MWs can achieve volumetric heating of
adsorbent materials when they are capable of absorbing the
microwave energy. Alternatively, the use of MWs may allow
for direct transfer of the energy to the adsorbate without being
absorbed by the adsorbent.14 There is also the possibility of
selective targeting of the surface itself or of its functional
groups to promote microwave desorption processes.6

Widely employed MW-heatable microporous sorbents
include zeolites (or zeotypes) as polar sorbents, and activated
carbon as nonpolar sorbents. These two classes of materials
are the only ones studied so far in MWSA, being the carbon
family the most frequently used. Carbon materials are good
microwave absorbers as a consequence of the interactions of
delocalized p-electrons with MWs, thus converting MW
energy into heat.15,16 In the case of zeolites, a different heating
mechanism has been found17–20 related to the interaction of
the electromagnetic field with, (i) the water or polar molecules
adsorbed in the pores, (ii) the hydroxyl groups on the surface,
and (iii) the cation movement in the structure.

The ability of a material to be heated in the presence of the
MW field is defined by its dielectric loss tangent: tand 5 e/e0.
In turn, the dielectric loss tangent is composed of two parame-
ters, the dielectric constant (or real permittivity), e0, and the
dielectric loss factor (or imaginary permittivity), e00; i.e.,
e 5 e02ie00, where e is the complex permittivity. The dielectric
constant (e0) determines the electric energy storage in the
dielectric, while the dielectric loss factor (e00) measures the dis-
sipation of electric energy in the form of heat within the mate-
rial.9 The measurement of dielectric properties in solids is a
difficult task, since many parameters influence the dielectric
properties, in particular the frequency, the humidity, the den-
sity of the solid bed, and specially the temperature play an
important role.

The dynamic measurement of dielectric properties of mate-
rials with the application of microwave heating at high tem-
peratures (>1000�C) was reported by Catala-Civera et al.21

This report can help to better understand the interactions that
take place during MW heating in comparison with more con-
ventional heating techniques. Understanding the microwave
heating behavior of materials may also lead us to the most
effective way of transferring the energy directly to the proc-
essed materials. With proper understanding, many technically
important materials can be heated in a more rapid, uniform,
selective, lower cost, and controlled form than is possible with
conventional methods.8

Heat-driven regeneration modes, such as temperature swing
(TS), and temperature swing vacuum are preferentially
employed for the regeneration of amine-containing sorbents
due to the chemical CO2-sorbent interactions. However, with
these procedures the main drawback is that under conventional
heating the temperature rise of the solid is slow and rapid
cycling cannot be implemented.22 This problem could be
solved using the volumetric and selective heating afforded by
microwaves. In a previous work of our laboratory, we showed
a reduction in desorption time of 75% using MW-heatable
zeolites as sorbents of n-hexane.20 On the other hand, the
desorption of CO2 by microwaves from zeotypes (zeolite X
and ETS-10)6,23 and carbon24 has been recently reported. The
promising results of these works suggest that MW heating
could overcome some of the main challenges in CO2 capture
which include affordable production of a high-purity CO2

stream (high-adsorption/desorption rates, low-energy con-
sumption) while preserving the textural characteristics of the
sorbents6 to an extent that would allow their multiple reuse.

In a previous work, we synthesized a mesoporous silica

MCM-48 and established the optimal conditions for function-

alization with a mono-amine group.25 This material showed an

excellent efficiency for CO2 removal at low partial pressures

(0.5 mmol CO2/mol N at 5 kPa), although sorbent regeneration

by MW was not explored. In the present work, we have modi-

fied the same MCM-48 with silane agents containing one, two,

and three amino groups to increase the CO2 uptake, and we

have also investigated the effect of these functionalizations

have on the MW absorption properties of the solid, for

MWSA operation.
In addition to studying the adsorption of CO2 on mesopo-

rous silica functionalized with different amino groups, this

study will cover two important aspects in the successful design

CO2 MWSA processes, i.e., (i) the study of the dielectric prop-

erties of the materials and (ii) the regeneration process itself

when carried out under microwave irradiation with especial

focus on the regeneration rates achieved. Understanding MW-

heating behavior of materials ultimately involves correlating

dielectric properties with surface chemistry. The study will

include the comparison with conventional electrical heating

and the study of the stability of the sorbents after several

regeneration cycles under MW-heating. In spite of the consid-

erable potential of MWSA processes for CO2 management,

these aspects have been scarcely studied.23,26

Experimental

Mesoporous silica MCM-48 synthesis

A hydrothermal method was used for the synthesis of the

MCM-48 with the following molar gel composition: 1.4 SiO2:

1.0 CTABr: 0.35 Na2O: 5.0 EtOH: 140 H2O. Ludox AS40

(40% SiO2: 60% H2O, Sigma-Aldrich) was used as a silica

source, CTABr (hexadecyltrimethylammonium bromide,

Sigma-Aldrich) as a structure-directing agent and EtOH

(Absolute, Sigma-Aldrich) as an additive for the mesophase

control. Two different solutions were prepared. For the silica

source solution, Ludox was added slowly drop-by-drop into an

aqueous solution of 1 M NaOH under vigorous stirring, this

mixture was heated up to 343 K for 1 h, and then the solution

was cooled to room temperature. To prepare the surfactant

solution, CTABr was dissolved slowly in an EtOH/H2O mix-

ture under gently stirring to avoid the formation of bubbles.

The silica solution was added drop-by-drop into the surfactant

solution and stirred for 1 h. The prepared gel with a total

amount of 70 g was divided in two Teflon-lined stainless steel

autoclaves and subjected to hydrothermal synthesis at 373 K

in a preheated oven for 4 days. Then the solid product was fil-

tered (medium flow rate disc filter, PRAT-DUMAS), washed

with hot water, and dried overnight. For the elimination of the

surfactant, the solid product was calcined at 813 K with a heat-

ing rate of 1 K/min in air for 6 h.25

Amine functionalization

The mono-, di-, and tri-amine silane agents (see Figure 1b)

used for grafting were 3-triethoxysilylpropylamine (98%),

[3-(2-aminoethylamino)propyl]trimethoxysilane (97%), and

2-[2-(3-trimethoxysilylpropylamino)ethylamino]ethylamine

(technical grade), respectively, and supplied from Sigma-

Aldrich. For dry grafting, 300 mg of MCM-48 powder was

dispersed in 15 mL of dry toluene in a 250 mL twin-neck

round-bottom flask under continuous stirring (400 rpm) in an

Argon atmosphere during 15 min., then the flask was
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immersed in a temperature controlled oil bath, when the mix-

ture reached to 383 K, 650 lL of the amine silane agent were

added into the flask and stirred for 1 h under reflux. Then the

solid product was vacuum filtered and washed with dichloro-

methane/diethyl ether (1:1) mixture and dried at 323 K for

12 h. Amine functionalized MCM-48 samples were designated

as MCM-48 mono-, MCM-48 di-, MCM-48 tri.

Fixed-bed adsorption-desorption experiments

The fixed bed adsorption and desorption experiments were

performed in an experimental setup previously described20

which consisted of three mass flow controllers, two automatic

four-way valves, and an on-line quadrupole mass spectrometer

(OMNIstar), MS, for the analysis of the gases. The experimen-

tal system was computer-controlled by a Labview customized

program. Two different pure (99.9999%, Praxair) gases and

mixtures thereof containing CO2 for adsorption or N2 for regen-

eration were fed to the bed at a total flow rate of 100 sccm.

Adsorption experiments were done at 298 K and 101 kPa with

a 15% concentration of CO2 in a fixed-bed in a quartz tube

(200 mg, 50–150 lm, L 5 5 mm, Øin57 mm). Prior to the

adsorption runs, the sample was regenerated thermally while

passing N2 through the bed. Regeneration was carried out either

by conventional heating with an electrical oven or by micro-

wave heating. The microwave system (Sairem Iberica) consists

of a solid-state microwave generator functioning at 2.43–

2.47 GHz with a maximum power of 150 W and a TE10 mode

microwave cavity (Sairem) with a WR340 waveguide. The

cavity was modified to reduce the reflected power below than

10% of forward power using (i) a copper iris (opening window

43 3 40 mm) and (ii) a Macor
VR

Ceramic (e0: 5.67, e00:0.0071 at

298 K) inside the cavity (see Supporting Information, Figure

S1). Further fine adjustment was done by changing the fre-

quency. The reflected power was measured with a Network

Analyzer (Agilent E5061B 5 Hz–3 GHz).
Desorption rates under conventional and MW heating were

compared for the three amino-functionalized samples used.

Although a more meaningful comparison would entail deliver-

ing the same amount of energy to the system under both heat-

ing modes, this could not be done for practical reasons in this

case. Instead, a heating rate of 20K/min was selected for con-

ventional heating since that was the highest rate attainable in

the oven used. The microwave power was adjusted to 60W to

give approximately the same final temperature for the tri-

amine sample.

Temperature measurements

The temperature in the fixed bed was measured with an

optical fiber (range: 193–523 K, Ø:1 mm, Neoptix) inside a

capillary quartz tube which was located axially in the fixed

bed (see Supporting Information, Figure S2). The tempera-

tures reported in this work for the fixed bed experiments corre-

spond to the fiber optic readings in the middle of the fixed bed.
To have a direct and accurate comparison of the heating

rates obtained in samples with different degrees of amination,

slabs consisting of a mixture (2:1) of KBr (material transparent

to MW radiation) and the specific adsorbent were prepared.

The slabs were located within the waveguide in front of one of

the sampling windows to allow direct measurement of the

temperature of the surface using an infrared thermographic

camera (range: 273-873 K, InfraTec, GmbH). A scheme is

provided in Figure 7.

Figure 1. Schematic view of the covalent bonding through the alkyl-silyl linkages and formation of carbamates.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Characterization techniques

X-ray diffraction (XRD) analyses were carried out using a

Philips X’Pert Multipurpose Diffractometer (MPD) diffrac-
tometer with CuKa radiation. The diffraction data were

recorded in the 2h range of 0.6–6.58 with a scanning rate of

5 s/step (step 2h 5 0.02).
Nitrogen adsorption isotherms were measured at 77 K on

Micromeritics TriStar 3000 analyzer. Nonfunctionalized
MCM-48 samples were degassed under vacuum at 473 K for

8 h, and the mono-, di-, and tri-amine functionalized MCM-48

samples were degassed at 383 K for 10 h. Brunauer-Emmet-
Teller (BET) surface areas were calculated using the BET

equation in the linear range and pore volume was calculated at

a relative pressure of 0.95. Pore size was analyzed with the
software developed by Micromeritics based on density func-

tional theory (DFT). In particular for the analysis of mesopo-

rous silicas, the selected model to fit the experimental
isotherm was the DFT-N2 model, based on a cylindrical pore

model with oxide surface.27

CO2 adsorption isotherms of the different samples were

measured at 298 K on Micromeritics ASAP 2020 analyzer;

fixed amounts of CO2 were dosed to the sample till the equi-
librium pressure was achieved.

Transmission electron microscopy (TEM) images were

obtained with a transmission electron microscope FEI

TECNAI T20, working at 200 kV. This microscope belongs to

the Laboratory of Advanced Microscopies (LMA) in the

installations at the Institute of Nanoscience of Aragon (INA),

University of Zaragoza.
Thermogravimetric analysis (TGAQ5000 TA instruments

with a heating rate 5 K/min up to 1073 K under airflow) was

used to obtain the amount of N in the samples, using the

weight loss between 403 and 1073 K. This method was vali-

dated in our previous publication25 by checking its results

against those of standard methods such as the so-called fluo-

rescamine method that evaluates the amount of amino groups

based in reaction of the nonfluorescent fluorescamine with the

primary amines, that yields a fluorescent derivative. From the

total weight loss between 403 and 1073 K, the amount of N

was calculated using the equivalence of 69, 49, and 47 mg of

weight loss per mmol of N, for the mono-, di-, and tri-

functionalized samples, respectively.
Fourier transform infrared (FTIR) spectroscopy of the fresh

samples (not dehydrated) was performed with a Bruker Vertex

70 FTIR spectrometer equipped with a deuterated triglycine

sulfate (DTGS) detector and a Golden Gate diamond attenu-

ated total reflectance (ATR) accessory. Spectra were recorded

by averaging 100 scans in the 4000–600 cm21 wave number

range at a resolution of 2 cm21. Data evaluation was carried

out by OPUS software from Bruker Optics.

Dielectric properties

Dielectric properties (e0 and e00) of the selected samples as a

function of the temperature were measured in a microwave

resonant cavity around the frequency of 2.45 GHz.21 The

methodology is based on the dynamic measurement of the

microwave cavity parameters as the resonant frequency and

quality factor while with the sample is being heated also with

microwave energy. The heating of the sample in the cavity

modify the resonance properties of the microwave cavity and

these changes are measured to quantify the dielectric proper-

ties as a function of the temperature. An automatic procedure

adjusts dynamically the microwave power deliver to the

microwave cavity to obtain the desired heating rate in the

Figure 2. TEM images of pristine MCM-48 sample after
calcination.

Figure 3. XRD patterns of nonfunctionalized and func-
tionalized MCM-48 samples.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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sample. The sample temperature is continuously measured

with an infrared pyrometer (Optris, LT-CF2).
Powders were placed in a cylindrical quartz vial

(L 5 15 mm, Øin 5 12 mm), manually compacted to obtain a

constant bed density, and immersed inside the cavity in a N2

atmosphere. The heating rate was adjusted to a standard rate

of 10�C/min.

Results and Discussion

Characterization of pristine mesoporous silica MCM-48

Thirteen different batches of MCM-48 were synthesized as

described above and characterized by N2 adsorption (as shown

in Supporting Information, Table S1) and TEM. All the sam-
ples, except one, show the same Type IV isotherm with a good
reproducibility giving average 1287 6 93 m2/g BET surface
area and 1.011 6 0.007 cm3/g pore volume and pore size ana-
lyzed by DFT of 3.5 nm, which agrees well with the values
measured in the TEM images where the arrangement of the
pores could be observed, see Figure 2. The XRD diffraction
pattern of a representative MCM-48 sample is presented in the
bottom curve of Figure 3. It shows the typical cubic structure
indexed in the space group Ia3d. The sharp and high diffrac-
tion peaks indicate the formation of well-ordered mesoporous
material.28

Characterization of mono-, di-, tri-amine functionalized
MCM-48 sorbents

The above-described MCM-48 material was functionalized
with different silane coupling agents, as schematized in Figure
1. The silane agent is covalently bond to the hydroxyl groups
in the silica support through alkyl-silyl linkages, see Figures
1b–c. As a consequence, the textural properties of the func-
tionalized samples are considerably different from the pristine
MCM-48 material, as shown by the N2 isotherms and pore-
size distributions presented in Figures 4a,b (main characteriza-
tion data are summarized in Table 1). MCM-48 shows a typi-
cal reversible type IV adsorption isotherm (Figure 4a), which
is characteristic of mesoporous materials. With successive
functionalization, the surface area and the pore volume are sig-
nificantly reduced compared to the nonfunctionalized MCM-
48. This effect is more dramatic in the case of the MCM-48-di
and MCM-48-tri where bigger silane molecules were grafted
(see dimensions in Figure 1b). Thus, for the case of the MCM-
48-tri sample, the surface area has been reduced to about one
third of the initial BET surface, and the pore volume to about
one fourth. At the same time, the pore size progressively
decreases from 3.5 nm in the pristine material to about 2.5 nm
in the MCM-48-tri sample. The amine loading based on the
TGA analyses (see Supporting Information, Figure S3)
increases strongly for the case of the MCM-48-di (4.44 mmol
N/g) compared to MCM-48-mono (1.77 mmol N/g). However,
the N loading obtained for MCM-48-tri (4.85 mmol N/g) is
only 10% larger compared to MCM-48-di (4.44 mmol N/g).
This is due to a lower loading of the tri-amine silane (total
weight loss in the 403–1073 K interval was 22.8%, compared
to 21.7% for MCM-48-di), due to the steric effects experi-
enced by this large molecule (length 5 1.65 nm) on the 3.5 nm
pores of the MCM-48. The XRD analysis, see Figure 3,
showed that functionalization caused an apparent loss of crys-
tallinity when compared to the nonfunctionalized MCM-48,
especially in the case of the di-amino and tri-amino samples.
Kim et al.29 reported that the case of M41S family materials,
the peak intensity is a function of the scattering contrast
between the silica walls and the pore channels, and this inten-
sity decreases after grafting the organic groups to the pore

Figure 4. (a) N2 adsorption-desorption isotherms and
(b) pores size distribution of nonfunctional-
ized and functionalized MCM-48 samples.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table 1. Textural Properties and CO2 Uptake Extracted From N2 and CO2 Isotherms of MCM-48 Samples With Varying

Degrees of Amine Functionalization

Sample
BET Surface
Area (m2/g)

Pore Volume
(cm2/g)

Pore
Size (m)

mmol
N/m2 3 1023

mmol
CO2/mmol N

@5 kPa

mmol
CO2/mmol N

@101 kPa

MCM-48 1287 1.11 3.5 – – –
MCM-48 mono- 1072 0.52 2.9 1.65 0.22 0.62
MCM-48 di- 698 0.39 2.6 6.36 0.27 0.46
MCM-48 tri- 463 0.23 2.5 10.47 0.31 0.44
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surface. Therefore, the decrease of the XRD peak intensity is
probably due to the grafting of the organic groups, rather than
to a loss of structure. Similar changes have been reported with
previous studies of functionalization of mesoporous silica.25,29

FTIR spectra of the samples are presented in Figure 5. The
peak at the 3743 cm21 is assigned to single Si-OH, and this
band completely disappeared in the functionalized MCM-48
samples, which indicates that all single SiAOH groups were
covalently attached through siloxane SiAOASi bonds with the
silane agent. The grafting was also confirmed by the appear-
ance of absorption peaks of NAH bonds (3368–3298 cm21

and 1590–1478 cm21) and CAH bonds (2931–2869 cm21)
consistent with the functional groups used.29–31

Figure 5. FTIR spectrum of nonfunctionalized and
functionalized MCM-48 samples.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 6. Dielectric properties, (a) dielectric constant
and loss factor, (b) loss tangent as a function
of temperature.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 7. a) Stable surface temperature, directly meas-
ured with a thermographic camera of slabs
made with mono, di-, and tri-amine function-
alized samples, when heated together inside
the MW cavity, 5W. (b) Temperature vs. time
measured at the center of packed beds of
the different samples, m 5 200 mg, 60 W.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Dielectric properties and microwave heating

The dielectric constant (e0), dielectric loss (e00), and the
loss tangent (tand) are presented in Figures 6a,b as a function
of temperature. Temperature of 473 K was chosen as the
maximum temperature for these tests following the results of
the TGA analysis (see Supporting Information) indicating
that above this temperature a significant degradation of the
functional groups could take place. Figure 6 shows that
increasing the concentration of amino groups, increased the
dielectric constant and dielectric loss compared to nonfunc-
tionalized MCM-48 samples. The increase in the dielectric
constant is related to higher density of NAH dipoles (see
Figures 1b,c) that can move freely in the grafted molecules.
The loss tangent (Figure 6b) shows the efficiency of MW
energy conversion into heat. In the case of MCM-48, this
value decreases with temperature in the entire interval stud-
ied. For this material, as the temperature increases, the con-
densation of the polar OAH groups on the silica surface
takes place and after 100�C, most of them have disappeared
and the value of loss tangent is negligible indicating that this
material has a very low capacity to absorb microwave
energy. However, in the case of the amino-grafted materials
as the number of N-H groups increases, the loss tangent
increases. The loss tangent values correlate well with the
heating experiments under microwave shown in Figure 7. In
this experiment, three slabs of amino-modified materials
where placed together inside the microwave cavity, and the
temperature of the surface of the slabs was recorded with an
IR camera, (see Figure 7a). After the samples were allowed
to reach a steady temperature, a clear temperature difference
could be observed. The samples with lower amino group
content and thus lower loss tangent, presented the lowest
temperature. The same effect could be observed by following
the temperature inside a fixed-bed packed with the different
powders and heated in the microwave cavity (Figure 7b).
Again, the MCM-48-tri heated more intensely, reaching
413 K in 3 min, a temperature well above that required for
the regeneration amino-functionalized materials exposed to
CO2, as will be shown below.

It should be noted that in the experiments just reported the
temperature was measured with an optical fiber, at a single
location in the middle of the packed bed. Although it is known
that MW heating can produce significant temperature nonuni-
formities in packed beds,32 in this case the reduced dimensions
of the bed used (5 mm length, 7 mm diameter, with a 3 mm
quartz axial quartz well—see Supporting Information), make
it reasonable to assume that the optical fiber placed at the cen-
ter of the bed gives a good approximation to the average
packed bed temperature.

Figure 8. CO2 adsorption isotherms at 298 K for
nonfunctionalized and functionalized
MCM-48 samples (Micromeritics ASAP 2020
analyzer).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 9. Evolution of temperature and normalized
concentration during (a) conventional and
(b) MW regeneration of sorbents saturated
with CO2 at 101 kPa 298 K. (c) Occupancy
vs. Time for conventional and MW heating.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

AIChE Journal February 2016 Vol. 62, No. 2 Published on behalf of the AIChE DOI 10.1002/aic 553

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


CO2 adsorption

Figure 8 shows CO2 adsorption isotherms at 298 K for the

different samples. As could be expected, for the same partial

pressure the amount of CO2 adsorbed increases as the density

of amino groups increases. In the case of MCM-48-mono with

an amine loading of 1.77 mmol N/g a maximum CO2 adsorp-

tion around 1 mmol CO2/g could be achieved, a value that

agrees well with previous data on the same material.25 In the

case of MCM-48-di and tri, a sharp increase in the isotherm

can be observed at low partial pressure of CO2, corresponding

to a Langmuir type I isotherm, indicating that chemisorption

takes place. For the MCM-48-di and tri samples, a load around

0.3 mmol CO2/mmol N at 5kPa of CO2 was achieved, see

Table 1.
Chang et al.30 reported that the reaction of CO2 with amino

groups under dry and humid conditions results in the forma-

tion of carbamates, giving a ratio of 0.5 mmol CO2/mmol N

for -mono and -di and 0.66 mmol CO2/mmol N for -tri. This

means that there is still considerable room for optimization of

the grafting procedure in our samples that could lead to further

increases in CO2 loading.

Thermal and microwave regeneration of sorbents

The CO2 desorption curves under conventional and micro-

wave heating are presented in Figures 9a,b, together with the

evolution of temperature and normalized occupancy (Figure

9c) of the sorbent. The kinetic analysis20 showed that, even

though under conventional heating the highest available heat-

ing ramp was attempted (20 K/min) desorption using 60 W

microwave heating is approximately three times faster. The

faster regeneration provided by MW heating also results in a

higher CO2 concentration in the sweep gas, with peak concen-

trations that are roughly double under MW heating for each

amino-functionalized sample, compared to the values obtained

under conventional heating. The concentration can be further

increased by reducing the sweep gas flow rate (see Supporting

Information, Figure S4). Finally, as could be expected the

results show that under MW heating the MCM-48-tri sample

present the fastest heating (and highest CO2 peak concentra-

tion) of the three amino-functionalized samples.
Finally, to test the stability and the regenerability of solid

sorbents under microwave heating, a series of cyclic experi-

ments involving CO2 adsorption at room temperature and

desorption under microwave heating with N2 sweep gas were

performed with mono-, di-, and tri-amine functionalized

MCM-48 samples (Figure 10). The average CO2 uptakes in 20

cycles (except di-, only eight cycles) for mono, di-, and tri-

amine functionalized samples were 0.2 6 0.02, 1.23 6 0.07,

and 1.59 6 0.10 mmol CO2/g sorbent, respectively. It can be

seen that the stability was excellent, with no apparent loss of

adsorption capacity after 20 cycles. The stability can be attrib-

uted to the chemical grafting of the amino groups on the silica

surface, giving a clear advantage to these materials over

amine-impregnated silica where amine leaching (and the sub-

sequent loss of capacity) is common.33 With grafted mole-

cules, the behavior is highly stable unless conditions are

strong enough to break covalent bonds, giving covalently teth-

ered amine adsorbents the potential to be subjected to repeated

adsorption and desorption cycles34 as shown in Figure 10.

Conclusions

The dielectric characterization measurements show that the

incorporation of amino groups on otherwise low-interaction

supports such as silica, enables polarization by the electromag-

netic field and strongly enhances response in the microwave

frequency range. This result in direct heating of the surface of

amino-grafted silica, accelerating temperatures rise and

desorption of adsorbed species. The advantages for sorbent

regeneration are substantial since energy is directly transferred

to the solid in a highly efficient way, and also because the

accelerated desorption facilitates the production of a highly

concentrated exit stream.
The MWSA process using amino-functionalized materials

seems especially apt for CO2 capture systems. Increasing the

concentration of amino groups (by grafting mono, di-, and tri-

amine molecules) simultaneously increases CO2 adsorption at

low ambient partial pressures and the response under MW

heating at 2.45 GHz, leading to a fast (approximately four

times faster than conventional heating under the conditions

studied) regeneration. Furthermore, chemical grafting pro-

duces a stable material under MWSA conditions: no effect

was observed on the adsorption capacity after 20 adsorption-

regeneration cycles.
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