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Mesoporous cubic MCM-48 material was synthesized and functionalized with 3-aminopropyltriethoxy-
silane (APTES) under different conditions and used for CO, adsorption. Before and after functionalization
the materials were characterized by different techniques: XRD, TEM, TGA, fluorescence analysis of amino
and adsorption-desorption isotherms of N, and CO,. The results confirmed that CO, adsorption in amino
modified materials involves both chemisorption and physisorption. The former is the primary mechanism
at low partial pressures, and includes the formation of carbamates. This material demonstrated a high
efficiency for CO, removal at low CO, partial pressures, with loadings of 0.5 mmolCO,/molN at 5 kPa. The
maximum adsorption capacity at 1 atm of CO, was 1.68 mmol/g.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Although CO, removal from gas streams is routinely carried out
in different industrial applications, the efforts aimed to the capture
and storage of CO, to mitigate climate change in recent years have
eclipsed traditional applications. Traditionally, separation of CO,
has been carried out by absorption with chemical reaction using
aqueous solutions of alkanolamines, mainly monoethanolamine
(MEA), diethanolamine (DEA) and methyldiethanolamine (MDEA).
However, energy consumption associated with the use of liquid
amines is high because of solvent regeneration, and large dilu-
tions with water are required to prevent equipment corrosion and
flow problems caused by amines. For many applications, regenera-
ble solid adsorbents are considered as an advantageous alternative
over liquid absorption since they are more environmentally benign
and easier to handle, and most importantly, they have lower ener-
getic requirements for regeneration.

A recent review of Choi et al. describes extensively the materi-
als used for CO, adsorption [1], discussing important aspects such
as kinetics, regenerability and stability, in addition to adsorption
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capacity. These materials include conventional porous adsorbents
such as zeolites or activated carbons, and chemisorbents such as
calcium and magnesium oxides, lithium zirconates, hydrotalcites,
and organic-inorganic hybrid materials. Drawing inspiration from
the liquid amine CO, scrubbing process, surface modification with
amine groups has been used to enhance CO, adsorption on porous
solids including more traditional materials such as zeolites and
activated carbon, and novel solids such as carbon nanotubes [2,3],
metal-organic frameworks (MOFs) capable of a high adsorption
capacity at high CO, pressures [4,5], and a variety of mesoporous
silicas (MS) with which this work is concerned. The wide pore sizes
that can be engineered in MS (ca. 2-20nm), and their active sur-
face containing numerous silanol groups available for reaction have
made them popular for amino functionalization, as described in
recent reviews [1,6].

The interaction of CO, with amine groups in a water-free
environment gives rise to carbamates, via the formation of the
CO,-amine zwitterion, such as RNH;*COO [7]. Overall this reaction
requires two amine groups per CO, molecule, i.e. an adsorption
efficiency, defined as the CO,/N molar ratio, equal to 0.5.

RNH; + CO; — RNH2+COO_

RNH,*COO~ + RNH, - RNHCOO™ + RNH;*

It is important to notice that in the amine surface for the forma-
tion of bidentate carbamate neighbour amines are needed, which
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means that a homogeneous coverage should be achieved in the
surface of the material. On the other hand, when water is present,
a molar CO;/N ratio of 1 can be achieved due to the contribu-
tion of bicarbonate and carbonate species. The formation of the
carbamate involves an equilibrium and it is, therefore, reversible:
complete regeneration of the adsorbent has been previously con-
firmed by other authors [7,8]. It is also important to point out that,
while this mechanism corresponds to chemisorption physisorption
also takes place at higher partial pressures. In order to evaluate
only chemisorption a low pressure of CO,, such as 5 kPa, should be
considered [9,10].

To increase the adsorption capacity of amino-functionalized
mesoporous silica the preferred method consists of increasing the
amount of amino groups in the grafted material. However, in view
of the adsorption mechanism presented for mono, di and tri-amines
[7], the highest efficiency, defined as the mole of adsorbed CO,/mol
N, would be encountered in monoamine for CO, adsorption under
humid conditions.

Focusing on monoamine-functionalized mesoporous silica
materials the review of the available data gives efficiency values
ranging from 0.09 to 0.89 [1,6]. This suggests that the functionaliza-
tion process either has a low reproducibility or, more likely, varies
strongly for materials with different structures and pore sizes. In
fact the highest values (around 0.5 in dry conditions, and at low par-
tial pressures of carbon dioxide, where mainly chemisorption takes
place) are encountered for the pore-expanded MCM-41, PE-MCM-
41 developed by Harlick and Sayari [6], and the three-dimensional
pore structure MCM-48 [8]. The 3-D structure is important because
their interconnected pores are expected to facilitate access first
to the functionalization agents that produce amino groups on the
silica, and then to the CO, molecules to be captured. To our knowl-
edge, only three publications [8,11,12] investigate CO, adsorption
on amino-functionalized MCM-48, and the reported adsorption
capacity, at 1atm CO, pressure varies from 0.8 to 2.05 mmol/g.

In this work we have functionalized the 3-D MCM-48 siliceous
structure, using 3-aminopropyltriethoxy-silane under different
conditions, then we have characterized the resulting structures
and their behaviour in CO, adsorption, with the aim of relating the
adsorption performance to material properties such as the amount
of amino groups anchored to the surface, surface area, pore volume
and crystallinity.

2. Experimental
2.1. Synthesis of MCM-48

MCM-48 was prepared by liquid-phase hydrothermal synthe-
sis from a gel with the following molar composition: 1.4 SiO,:
1.0 CTABr: 0.35 Nay0: 5.0 EtOH: 140 H,0 [13]. A silicate solu-
tion was used as the silica source, hexadecyltrimethylammonium
bromide (CTABr) as the structure-directing agent, and ethanol as
additive for the mesophase control. The precursor reactants used
were Ludox AS40 (40% SiO,: 60% H,0, Sigma-Aldrich), sodium
hydroxide (98 wt%, Panreac), CTABr (Sigma-Aldrich), ethanol abso-
lute (Panreac) and deionized water.

To prepare the silica source, Ludox was slowly incorporated to
an aqueous solution of NaOH 1 M with vigorous stirring. The molar
composition of the resultant mixture was 0.25 Na,;0: 1.0 SiO5: 12.5
H, 0. This mixture was heated to 343 K for 1 h, then the solution was
cooled to room temperature. In a separate vessel, the surfactant,
cetyl trimethyl ammonium bromide (CTABr), was dissolved in an
EtOH/H, 0 mixture with a molar composition of 1 CTABr: 5.0 EtOH:
120 H,0.

The silica source was added to the surfactant solution at room
temperature, and the mixture was stirred for 1 h. The amount of gel

prepared in a batch was 70 g and it was poured either in two Teflon-
lined stainless steel autoclave, (V=43 mL) or in a glass laboratory
flask (V=250 mL) and subjected to a hydrothermal treatment for
4 days at 373 K. The solid product was filtered, washed with hot
water and dried overnight. Finally, calcination at 813K in air was
carried out to eliminate the surfactant.

2.2. Functionalization with amines

For the functionalization with 3-aminopropyltriethoxy-silane
(APTES, Sigma-Aldrich), 125 mg of MCM-48 powder were dis-
persed in 7.5 mL of dry toluene in a flask under stirring in an inert
atmosphere. Then, a volume between 0.04 and 0.26 mL of APTES
was added. The mixture was stirred at reflux temperature, 383K,
for time varying from 1 to 5h. The treated mesoporous material
was vacuum filtered, washed with CH,Cl,/ether (1:1) and dried at
323K for 24 h.

2.3. Amino-groups titration

This determination of the amount of amino groups is based
in reaction of the non-fluorescent fluorescamine with the pri-
mary amines, which yields a fluorescent derivative [14]. The
fluorescence spectrum was measured by excitation at 396 nm
in Fluorescence Spectrometer (PerkinElmer LS 55), and emission
intensity at 486 nm was measured. Calibration solutions were pre-
pared following the procedure developed by Ritter and Briihwiler
[15]. To carry out the reaction with fluorescamine, a 100 L aliquot
of this solution was transferred to a cuvette and 2 mL of phosphate
buffer (0.2 M, pH 8.0) and 1 mL of fluorescamine solution (1 mM
in acetone) were added. For the analysis, the same procedure was
followed but adding 15 mg of amino-functionalized MCM-48 to an
aqueous solution of NaOH 0.02 M instead of the APTES solution.

The amount of APTES on functionalized MCM-48 powders was
also analysed by means of thermogravimetric analyses (TGA), using
a TA Instruments Q5000 analyzer, with a heating rate of 5°C/min
up to 1173 K under air atmosphere. The weight loss between 403 K
and 1073 K was attributed to the loss of the organic groups and
the amount of N was calculated using the equivalence of 71 mg
of weight loss per mmol of N, (which corresponds to the APTS
molecule grafted to two silanol groups). This leads to a reliable
estimation of the amount of amino groups, as can be seen from
the comparison between the TGA method and the fluorescamine
method given in Table 4. Further weight loss up to 1173 K was
negligible (around 0.01%).

In some samples the N content was analysed using an elemen-
tal analysis technique with a PerkinElmer 2400 analyzer. A good
correlation was observed among the results obtained by the three
methods (fluorescamine titration, TGA and elemental analysis) and
therefore the determination of amino groups was in general done
by TGA, which allowed a faster and more convenient analysis.

2.4. Characterization

Nitrogen adsorption isotherms were measured at 77K on
Micromeritics ASAP 2020 and Micromeritics TriStar 3000 ana-
lyzers. CO, adsorption isotherms were obtained in the same
equipment at 298 K, fixed amounts of CO, were dosed to the sam-
ple and the equilibrium pressure achieved was measured starting
from low pressure around 0.03 atm up to 1atm. Degassing con-
ditions of non-functionalized MCM-48 powder were 8 h at 473K
under vacuum. For the functionalized MCM-48 samples, degassing
was carried out for 10h at 383 K under vacuum. The BET specific
surface area was calculated using the BET equation in the linear
range. Pore volume was calculated at a relative pressure of 0.95.
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Table 1
Synthesis batches for MCM-48.

Sample Synthesis yield (%) BET area (m?/g) Pore volume (m?3/g)
P1 45.1 1364 1.047
P4 46.8 1225 1.017
P6A 46.6 1394 0.979
P6B 1378 0.996
P2 434 1333 1.132
P7 53.8 1471 1.134
P8 51.5 1427 0.994
P11 54.5 1376 1.044
P12 54.3 1371 1.019
P13 56.0 1155 0.951
50.2+4.7 1349+93 1.031+£0.06
P9 61.0 1000 0.600
P10 44.0 1130 0.736
P14 58.0 1184 0.811

X-ray diffraction analyses were carried out using a Philips X'Pert
MPD diffractometer with Cu Ko radiation. The diffraction data were
recorded in the 26 range of 0.6-8° with a scanning rate of 5 s/step
(step 20=0.02). TEM images were obtained using a FEI TECNAI T20
at 200 kV.

3. Results and discussion
3.1. Synthesis of MCM-48: reproducibility and characterization

In view of the already noted discrepancies in the literature,
if was deemed essential to ensure that the characteristics of the
starting MCM-48 material were highly homogeneous, since this
material was going to be functionalized under different conditions
and then used for CO, adsorption. Thirteen different batches of 70 g
of synthesis gel were prepared, subjected to hydrothermal syn-
thesis, calcined and characterized by nitrogen adsorption, as seen
in Table 1. Ten out of the thirteen samples show almost identical
isotherm, type IV. The mean values of these ten samples for BET
specific surface area and pore volume were 1349 +93 m?/g and
1.031+0.061 cm3/g, these samples were mixed to give the start-
ing MCM-48 material source. The other three samples possessed a
significantly lower pore volume, between 0.6 and 0.81 cm3/g and
were discarded for the functionalization study.

Fig. 1 shows the XRD diffraction pattern of some of the synthe-
sised samples and the diffraction angles correspond to the ones
previously reported for MCM-48 [16]. It could be observed that the
main diffraction angle [2 1 1] at 2.26 shifts to higher values, 2.5 after
calcination which is attributed to shrinkage of the structure during
the removal of the surfactant.

3.2. Study of the functionalization conditions

3.2.1. Influence of the concentration of APTES

The functionalization of the mesoporous material implies the
reaction between the silanol groups in the surface and the ethoxyl
groups of the silane. Regarding this point, an estimation of the
amount of free hydroxyl groups in the surface is necessary to
guarantee that the amount of silane suffices for functionalization.
Several estimations for hydroxyl groups in siliceous material can
be found in the literature, Zhuravlev [17], estimate 4.9 Si-OH/nm?
in amorphous silica, for SBA-15 the value is 2.2 Si-OH-/nm? [10],
and 1.8 Si-OH-/nm? in the case of MCM-41 and MCM-48 [18]. The
amount of silanol groups also depends on the treatment of the sam-
ple, and the temperatures it is subjected to, as shown by Knowles
et al. [19], who prepared hexagonal mesoporous silica HMS with
two different contents of silanol groups depending upon the condi-
tions for surfactant removal: calcination led to 2 Si-OH-/nm? while
ethanolic extraction yielded 5 Si—-OH-/nm?.

[211]

[220]

[420] [322]
c) P2 calcined

Intensity Normalized a.u.

b) P13 calcined

a) P13 Non calcined

20

Fig. 1. Diffraction patterns of (a) sample P13 before calcination, (b) sample P13 after
calcination, (c) sample P2 after calcination.

Since our samples were calcined at 813 K, a value of 2 Si—-OH/nm?
seems reasonable for the samples in this work. Considering that
each APTES molecule reacts with a surface silanol group and that
only 50% of the OH groups in the surface can be modified due
to steric hindrance [20], for a BET surface area of 1349 m2/g, the
“stoichiometric” amount would correspond to 1.04 mL APTES/g
MCM-48.

Three functionalization experiments were carried out with con-
centrations of APTES corresponding to 2.08, 1.04 and 0.32mlL/g
of MCM-48, respectively, with a reaction time of 2 h. N, and CO,
adsorption/desorption isotherms of these samples are presented
in Fig. 2, together with that for an unfunctionalized MCM-48
sample. Table 2 gives the structural and CO, adsorption charac-
teristics for the same materials. Reversibility of the adsorption
process was studied with one sample subjected to four cycles of
adsorption/desorption, not shown, the standard deviation of the
maximum CO, adsorption capacity was 2.3%. It can be seen that,
as the amount of APTES used for functionalization increases, the
BET surface area and pore volume decrease rapidly (from 1155
to 422 m2/g and from 0.95 to 0.25cm3/g respectively. In spite of
this decrease, increasing the concentration of APTES (and there-
fore the degree of functionalization) causes a 120% enhancement
of CO, adsorption, from 0.52 to 1.14 mmol/g. This enhancement is
caused by the chemisorption that takes place between CO, and the
NH, present in APTES, while only physisorption takes place in the
non-functionalized sample.

3.2.2. Influence of reaction conditions

Experiments were carried out at a fixed concentration of APTES
(2.08 x 10-3 mL/mg) and increasing reaction times (1, 2 and 5h).
Table 3 summarizes the properties of these samples. In this case,
the total amount of amino groups on the MCM-48 based on the ele-
mental analysis is similar in all the samples and varies from 2.1 to
2.3 mmol N/gin good agreement with the maximum value reported
in literature for this material [8]; however, the total amount of
CO, adsorbed varies considerably, from 1.12 to 1.68 mmol/g. In
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Table 2
Influence of the concentration of APTES used in the functionalization step. Reaction time: 2 h.
APTES BET surface area Pore volume CO, adsorbed CO, adsorbed mmol N/g2 m:rgzlcﬁz b
concentration (m?/g) (cm3/g) @ 101 kPa @ 5kPa
(mL/mg MCM-48) (mmol/g) (mmol/g)
P13 - 1155 0.95 0.52 0.04 0 -
F1 2.08 x 1073 422 0.25 1.14 0.46 2.1 0.22
F2 1.04x 1073 751 0.34 1.02 0.24 14 0.17
F3 0.32x 1073 804 0.39 0.68 0.08 13 0.06
3 Quantified by elemental analysis.
b Efficiency reported at 5 kPa partial pressure of CO5,
Table 3
Influence of the reaction time used in the functionalization step. APTES concentration 2.08 x 10~ mL/mg.
Reaction time (h) BET surface area Pore volume CO, adsorbed @ CO; adsorbed @ mmol N/g %‘
(m?/g) (cm3/g) 101 kPa (mmol/g) 5kPa (mmol/g)
F5 5 202 0.13 1.12 0.69 2.30? 0.30
F1 2 422 0.25 1.14 0.46 2.10% 0.22
F4 1 591 0.31 1.39 0.57 2202 0.26
F6 1 365 0.21 1.68 1.09 2.28P 0.48
F7 1 445 0.25 1.62 1.02 2.12b 0.48
F8 1 319 0.24 1.30 0.37 2.05P 0.18

2 Values from elemental analysis results.
b values from fluorescamine method determination of amine groups.
¢ Efficiency reported at 5 kPa partial pressure of CO>,
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Fig. 2. N, (A) and CO, (B) adsorption-desorption isotherms for MCM-48 powder
after calcination and for functionalized samples. Concentration of APTES: F1,2.08 mL
APTES/g; F2, 1.04 mL APTES/g; F3, 0.32 mL APTES/g MCM-48. Reaction time: 2 h.
Stirring speed: 400 rpm.

particular, increasing the reaction time to 5h lead to a dramatic
drop in the pore volume and in the BET surface area. The XRD results
of Fig. 3 indicate that there is already a clear decrease of crystallinity
and order for the sample functionalized for 2 h, which is enhanced
after 5 h of reaction time, leading to considerable structural dam-
age. Clearly, the reaction conditions required for functionalization
have a severe effect on the structural integrity of the MCM-48,
which makes it necessary to limit the reaction time. The loss of
crystallinity is observable even in one of the samples that had been
subjected to shorter (1h) reaction times. Thus, the XRD diagram
corresponding to sample F8 in Fig. 3 presents a clear loss of

F8 (1h)

Normalized intensity [a.u.]

26

Fig. 3. Diffraction patterns of F5, F1, F4, F6, F7 and F8 samples, with different time
of functionalization.
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20 nm

Fig. 4. TEM images of (a) and (b) MCM-48 powder after calcination; (c) and (d) sample F7, functionalized with APTES.

crystallinity when compared to that of samples F6 and F7, probably
due to some slight variation in the reaction conditions.

It is interesting to note that, with some scatter, the values
obtained for the chemisorption efficiency (last column of Table 3)
are in a relatively narrow interval (0.18-0.48), with the sample
subjected to a 5h functionalization in an intermediate position
regarding CO, efficiency (0.30). However this sample gave the
lowest capacity for CO, adsorption (1.12 mmol/g), followed by
the sample functionalized for 2h (1.14 mmol/g), while all the
samples functionalized for 1h gave considerably higher values
(1.30-1.68 mmol/g). This would suggest that the contribution of
chemisorption to CO, capture is comparable for all the samples
(as could be expected, given the similar concentration of amino
groups), and the decrease of the total amount of adsorbed CO, in the
samples functionalized for longer times would mainly be attributed
to the loss of surface area and pore volume, as a result of the struc-
tural damage under reaction conditions, leading to a reduction of
the physisorbed CO,.

We can therefore conclude that long reaction times damage the
structure and as result there is a loss in adsorption capacity. Regard-
ing the samples functionalized for one hour, the lowest efficiency
(0.18) corresponds to sample F8 that also presents the lowest crys-
tallinity in the diffraction pattern (see Fig. 3) of all the samples
functionalized for 1h, suggesting that the structure also plays an
important role in the chemisorption process. In contrast, the high-
est efficiency is observed for samples F6 and F7 where the structure
after functionalization is largely intact. This can be inferred from the

diffraction patterns of Fig. 3, and can be directly appraised in the
TEM pictures of Fig. 4: well defined planes are present for sample
F7, with a structural organization comparable to that of the non
fuctionalized sample.

It is known that mesoporous silicas can collapse when they
are mechanically compressed [21]. In order to minimize mechan-
ical damage a set of samples was functionalized under a lower
stirring speed, (200rpm) during 1h, using the highest concen-
tration of APTES (2.08 mL/g). The characteristics of the samples
are presented in Table 4. A lower functionalization degree was
achieved, 1.71 mmolN/g as an average, measured by the fluo-
rescamine method. As shown in Table 4, a very similar value
is obtained from thermogravimetric analysis assuming that an
average of two siloxane groups were anchored to the surface.
The diffraction patterns of these samples (not shown) confirm
that the structure was preserved, with the two main diffrac-
tion peaks corresponding to [211] and [220] clearly marked,
indicating that structural damage had been minimized. How-
ever, the degree of surface functionalization is lower (1.7 vs.
2.2mmolN/g), due to the slower reaction rate caused by the
decreased mass transfer coefficients at a lower stirring speed.
Accordingly, the CO, adsorption capacity is strongly diminished
(maximum values around 1 mmol/g, compared to 1.68 mmol/g for
sample F6 prepared at 400 rpm), even though the surface area of
the samples prepared at 200 rpm is considerably larger (approx-
imately 1000 m?/g, compared to less than 400m?/g for sample
F6).
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Table 4

Samples with stirring speed 200 rpm.
Sample mg MCM-48 BET surface area (m?/g) Pore volume (cm3/g) Maximum CO, adsorbed (mmol/g) mmol N/g? mmol N/g® '":;lolcﬁz ¢
F9 125 948 0.454 0.97 1.77 1.76 0.14
F10 125 1094 0.498 0.95 1.74 1.64 0.16
F11 125 1058 0.481 0.82 1.71 1.59 0.14
F12 250 971 0.488 0.89 1.94 2.01 0.11
F13 250 1034 0.462 0.95 1.69 1.74 0.16
F14 250 1034 0.514 0.97 1.79 1.81 0.12
F15 250 983 0.475 1.02 1.69 1.58 0.15
2 Values from fluorescamine method.
b Values from thermogravimetric analysis.
¢ Efficiency reported at 5 kPa partial pressure of CO,,

Table 5

Adsorption capacities at different CO, partial pressures and adsorption efficiency calculated from different materials in the literature.
Material mmol N/g CO, adsorp(mmol/g) (Pressure) mmolCO, /mmolN? CO; adsorpP=1atm Reference
MCM-48 2.28 1.09 (0.05 atm) 0.48 1.68 This work
MCM-48 2.12 1.02 (0.05 atm) 0.48 1.62 This work
MCM-48 230 1.14 (0.05 atm) 0.49 2.05 [8]
MCM-48 245 - - 0.80 [11]
HMS 2.28 - - 1.59 [19]
PE-MCM-41 430 2.05 (0.05 atm) 0.47 2.70 [9]
SBA-12 2.13 0.98 (0.10atm) 0.46 - [24]
SBA-15 4.61 0.66(0.15 atm) 0.14 - [25]
SBA-15 2.56 0.77(0.05 atm) 0.30 - [26]

2 Efficiency reported at the pressure indicated in parentheses.

In view of the above results, the degree of surface functionaliza-
tion seems to be the main factor in determining the performance
of MCM-48 as a CO, captures material. Fig. 5 represents the CO,
adsorption normalized per unit area as a function of the density
of amino groups on the surface. A clear linear correlation can be
observed, in agreement with previous literature reports [19]. The
only significant deviation is that corresponding to sample function-
alized for 5 h, that suffered a structural collapse.

Finally, Table 5 compares the CO, adsorption capacity for dif-
ferent mesoporous, amino-functionalized silica materials reported
in the literature. It could be observed that in general in materials
that have some interconnection in between the pores such as the
cubic MCM-48, the wormbhole like HMS structure [22] and the SBA-
12 that shows intergrowth of hexagonal and cubic phases, achieve
the highest efficiency. The pore-expanded PE-MCM-41 material, on
the other hand, is able to compensate for the lack of a 3-D structure
with a high pore volume 2.03 cm3/g, pores of 9nm, and a highly
functionalized surface also giving a CO;/N ratio close to 0.5. In this

T T T T I;'< T
PE-MCMA41 [9]

34 F5 (5h) -

molec COQ/nm2
N
1
1

14 HMS[19] a 4
; MCM-48 [11]
u
0 - -
T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7

at N/nm?2

Fig.5. Nsurface coverage vs. moleculesCO,/nm? for samples F1 to F15 and literature
data.

case it seems likely that larger pore openings in the material would
help to prevent possible pore mouth narrowing/plugging due to
aminosilane polymerization at the pore openings in the smaller
pores of conventional MCM-41 [23]. In the case of the hexagonal
SBA-15 lower efficiencies have been encountered.

4. Conclusions

Adetailed studied of the functionalization conditions for amino-
grafted mesoporous MCM-48 material has been carried out. The
degree of functionalization in the surface could be tailored varying
APTES concentration, time and stirring conditions. There are two
requisites to achieve the maximum adsorption efficiency, 0.5 mmol
CO,/mol N, under dry conditions and low pressures 5kPa CO,,
which corresponds to chemisorption: (i) total coverage of the sur-
face with the amino groups, to form a surface bidentate carbamate
and (i) to avoid structure collapse after functionalization in order
to assure accessibility of the sorbents.

The maximum adsorption capacity achieved at 5 kPa (and there-
fore corresponding mainly to chemisorbed CO;) was 1.09 mmol
CO, /g, which is among the best compared to other materials with
similar surface area. There is a correlation between the molecules
of CO,/nm? and the N atoms/nm?. At higher partial pressures (e.g.
around 1atm of CO,), physical adsorption plays a more substan-
tial role, but even under these conditions for the highest capacity
materials prepared in this work, the largest contribution still corre-
sponds to chemisorbed CO, To maximize the adsorption capacity
of the material (chemisorption + physical adsorption), functional-
ization should maximize the coverage while retaining the ordered
structure that maximizes physical adsorption.
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