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Abstract:

Two different types of silica monolith based on commercial hydrophobic Aerosil200 and
hydrophilic Sipernat320 (Evonik) were successfully covalently functionalized with
different amines as CO:2 sequestrants. 3-aminopropyltriethoxysilane (AMPS) was used
for a first functionalization and applied as it is or as linker to extend the chain length with
diglycine (diGly) and triglycine (triGly). The physico-chemical characterization of the
samples comprehends nitrogen adsorption at -196°C to determine surface area and
porosity and thermogravimetric analysis (TGA) to evaluate the thermal stability of the
materials and quantify the extent of functionalization. CO2 and N2 adsorption
microcalorimetry, coupled with FTIR spectroscopy, was used to evaluate the ability of
the materials to selectively sequestrate CO2 against N2 in post-combustion procedures
and the reversibility of the process. The comparison with a powdery commercial
activated carbon, taken as reference, evidences the good adsorption capacity
(comparable to that of the carbon reference) of monoliths from Sipernat 320 bringing a
short aliphatic chain and terminal -NH2 groups (more than 700 umol/g of CO:2
sequestrated at 30°C), and the advantages in term of easy storage and recoverability,
with respect to powdery adsorbents.

Keywords: Silica monolith, surface functionalization, Aerosil200, Sipernat320, COz2
adsorption, amine immobilization.
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1. Introduction

The greenhouse gases such as CO2, CHa, N20, sulfur hexafluorides and
chlorofluorocarbons have been considered as the main important cause of climate
alteration crisis influenced by global warming. The 80% of CO2 present in the
atmosphere is produced in still widely used industrial processes and burning of fossil
fuels [1-3], it remains in the atmosphere for remarkable longer period with respect to
other greenhouse gases, and therefore CO: plays, among the others, the major
detrimental role [4].

To limit these effects, CO2 needs to be produced in lower amounts, but until when
sources of energy alternative to fossil fuels are not properly developed and widely
diffused, it needs to be captured. The state of the art on the sequestration of CO:2
includes the use of aqueous amine solutions which are able to chemically absorb CO:2
[5]. Although this technique is the most mature CO2 sequestration technology, it shows
serious drawbacks including a high energy consumption needed for desorption, as well
as corrosion of process equipment [6]. An alternative technology is given by ionic
liquids, salts in liquid phase, whose composition can be modulated to enhance the
affinity, and consequently the capture efficiency, towards COz2 [7]. This technology is still
under study, but promises enhanced performance. Another evergreen, effective
approach is based on adsorption on solid materials, as, in general, it allows to
overcome several issues maintaining limited costs. Adsorption technology based on
porous adsorbents seems to be very advantageous [8-9], however, the efficiency of this
method depends on development of novel adsorbent materials feasible to be potentially
used at a large scale in industrial plants. Many porous adsorbents, such as Metal-
Organic Frameworks [10], carbon materials [11], amine-functionalized zeolites [12],
activated carbons [13-15], alkali-metal-based solid sorbents [16], carbonate slurry [17],
N-doped activated carbon [6], polymer or aminopolymer/silica composite [18], alkali
earth metal oxides [19], sulfur-doped activated carbon [20] and microporous covalent
polymer [21], have been reported for CO2 capture. Although activated carbons are
proven to possess tunable features due to high surface area, chemical stability and
presence of chemical groups enhancing the affinity towards CO2, a high energy cost
and non-ecofriendly treatments are required for their preparation [2]. In addition,
activated carbon in powdery form can generate a remarkable pressure drop in the gas
stream used in columns [5, 22], therefore a further step of material shaping needs to be
taken into consideration in the production procedure. In order to overcome these
drawbacks, development of other adsorbents, environmentally friendly, more
handleable, cost effective, low energy consuming and easy to produce in large quantity,
appears very attractive [2]. In this respect, functionalized silica monolith materials
emerged as promising porous adsorbent for CO2 capture. Silica supports have several
advantaged over other inorganic materials: they possess high surface area, can be
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meso or macroporous, are structurally stable in a large range of temperatures as
sintering, and the consequent lack of surface area and porosity, occurs only at
temperatures higher than 800°C. Moreover, silica surface carries silanol groups which
can be easily chemically modified by functionalization procedures [23]. Depending on
the introduced functionalizing groups, it is possible to completely transform the starting
physical and/or chemical properties of the original system [24-27].

Recently, organic moieties like alkyl, phenyl, vinyl, methacrylate, amine, sulfone, thiol
and metal-ligand complexes have been employed to functionalize porous silicas.
Among all, amines are the most suitable to deal with CO2removal [28-31], but in a wider
view, amines are highly active in the removal of metals from environmental waste [32-
33], removal of organic dyes [34], they can be used in chromatography [35], gas
separation, catalysis [36], drug release [37-38], and many other applications [39-40],
therefore the study of the functionalization of a support with amine groups can be of
general interest for the scientific community.

The preparation of amine-functionalized silica (AFS) can be realized through various
methods divided into two main groups: i) physical procedures, which imply the
establishment of simple electrostatic interactions between the support surface and the
functionalizing molecules [41-43] and ii) chemical functionalization, which leads to the
formation of stable covalent bonds between the support and the organic groups. In
detail, it can proceed through two main chemical strategies: co-condensation technique
[44-45] or post-synthesis functionalization (grafting) [46-48]. Through the first method,
the material is functionalized at the same time of its formation and this implies that the
functionalizing groups are homogeneously dispersed in the whole system. On the
contrary, when the grafting procedure is used, the functional groups are located only at
the surface of the material.

Testa et al. described the preparation of AFS using different kinds of silica powders
including amorphous silica, HMS and SBA-15 (both mesoporous with ordered porosity)
as intermediate for the immobilization of photoactive molecules applied in the
abatement of 4-methylphenol [49], rhodamine and metals [50]. Testa again studied the
different grafting and in situ oxidation procedures [51]. In another study SBA-15 was
functionalized by post-grafting method with three different alkoxysilanes, including (3-
aminopropyl)triethoxysilane, 3-[bis(2-hydroxyethyl)amino] propyl triethoxysilane and 3-
[2-(2-aminoethylamino] propyl trimethoxysilane for drug delivery application [52].

Different types of silica can react differently towards the functionalization, consequently
affecting the final material performance. Although powdery silica is still under use as a
support for surface functionalization processes [53-54], it shows severe drawbacks,
including the difficulty of recovery the powdery materials after adsorption process which
implies increasing process costs and time wasting. Therefore, researchers are
developing several processes to prepare handleable systems for substituting silica
powders [55-58]. In this perspective, Magnacca et al. developed an interesting method
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to prepare silica monoliths by using Bio-Based Substances (BBS), extracted from
composted biowastes, as binders [59]. In that study, BBS act as biosurfactant and
templating agent, forming micelles around which the preformed silica particles can
agglomerate, and as fusion salt supplier. During the calcination step, the fusion salts of
the BBS allow the partial fusion of the silica particles whereas the organic moieties burn
leaving void space. By using this procedure, handleable and mesoporous silica
supports are produced and constitute a versatile platform to be used in a wide range of
applications. The materials were prepared starting from two commercial silicas, the
more hydrophobic Aerosil 200 and the more hydrophilic Sipernat 320 (both from
Evonik). Due to the impurities derived from BBS inorganic components (Na*, K*, Ca?*,
Mg?*), the materials contain cationic species which can increase the basicity of the
surface creating a favorable situation for CO2 uptake, but also a possible interference to
the surface functionalization process. For this reason, the chemical functionalization of
the monoliths was carried out following grafting procedures already tested and reported
in the literature, in order to evaluate their efficacy. In particular, 3-
aminopropyltriethoxysilane (AMPS) was used for a first functionalization and applied as
a direct functionalizing agent or as linker to extend the chain length with diglycine
(diGly) and triglycine (triGly). After functionalization, the hybrid monoliths were
characterized in terms of textural properties and loading of the organic portion and then
tested towards CO2 and N2 adsorption at 30°C. The results were compared with those
obtained with the non-functionalised monoliths.

2. Experimental

2.1. Materials

Two different commercially available silica samples were used for monolith preparation:
Aerosil200 (A200) with BET surface area (SSA) of 200 m?/g and FK320 (actual
commercial name Sipernat320) with SSA of 160 m?/g. Both powders were kindly
supplied by Evonik. Amine derivatives (AMPS, Diglycine and Triglycine), N-ethyl-N'-(3-
dimethylaminopropyl)carbodiimide chloride (EDC) and solvents were purchased from
Sigma-Aldrich (Milan, Italy). Solvents (toluene and ethanol) were distilled prior the use.

2.2. Preparation of monoliths

The monolith preparation procedure has been already reported in the literature [59] and
it will be briefly reported here.

2 g of BBS were stirred in 30 ml of water for 2 hours. 8 g of silica particles
(A200/FK320) were added to the BBS solution. 50 ml of water were then added and the
mixture was kept under stirring for 2 h. The systems exhibited thixotropic behavior with
high viscosity and vigorous stirring was needed to achieve an efficient mixing of the
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suspensions. The mixture was then left during one night, until the suspension dried
sufficiently to be easily modeled: brown spheres of 5 mm diameter were hand-molded,
left at air for drying and then calcined in a furnace at 500°C for 4 hours in order to
remove all organic moieties and yield porous monoliths designated as A and FK. The
spheres after calcination appear pale grey in color. A detail of the monolith surface
appears in Figure 1: FK monoliths are more regular and homogeneous with respect to A
ones, reflecting a better mechanical stability of the system.

The experiment was carried out in duplicate, in order to evaluate the reproducibility of
the preparation method which was proven after the characterization.

; ’t-.n. ‘

Cammmn A K

Figure 1. Monoliths (left image) and details of A and FK surface (right image).

2.3. Monolith functionalization process
2.3.1. Functionalization by AMPS

A and FK were functionalized with AMPS through adopting the optimized grafting
method reported in the literature [49]. In a typical procedure, a mixture of 3.2 g of
monoliths in 20 ml of dry toluene and 6.3 ml of AMPS (2.7*102 mol) was refluxed
overnight at 110°C under low speed stirring in order to prevent monolith breaking. The
samples were separated from the mixture of reaction, washed with ethanol and dried at
110°C overnight. The obtained samples are indicated as A-NH2 and FK-NH2.

2.3.2. Chain extension on samples A-NH> and FK-NH: with diGly and triGly

The extension of the organic chain was carried out for samples A-NH2 and FK-NH2 by
using diGlycine and triGlycine. 0.37 g (2*10 mol) of diGly or triGly, respectively, and
0.09 g (4*10“ mol) of N-ethyl-N'-(3-dimethylaminopropyl)carbodiimide chloride (EDC)
were added to a suspension of 1.0 g of amino functionalized monoliths in 50 mL of
toluene. The mixture was refluxed for 12 h. The material was separated from the
mixture and washed several times with toluene, ethanol and sodium chloride solution (1
M), then dried in oven at 100 °C overnight. The samples are named A-(Gly)x-NHz and
FK-(Gly)x-NHz, with x=2 or 3 respectively.



Scheme 1 reports the summary of the functionalized procedures, whereas Table 1
reports the name of the samples, the functionalizing agents used and the functional
groups introduced on the surface of the monoliths.

EtO\ Toluene
Q—OH + EtO—Si” " "NH, ——— NH;
£t reflux, overnig
A/FK AMPS A/FK-NH,
. O
DiGly H
EDC N J\/N
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Scheme 1. Schematic representation of functionalization processes.
Table 1. Sample names, functionalizing agent and functional groups introduced on the surface of the
monoliths

Sample name Functionalizing Exposed
agent/support  functional groups

A - -
FK -

A-NHz AMPS/A -NH2
FK-NH2 AMPS/FK -NH2



A-(Gly)2-NH2 Gly-Gly/A -NH-(Gly)2-NH2
FK-(Gly)2-NH2 Gly-Gly/FK -NH-(Gly)2-NH2
A-(Gly)s-NHz Gly-Gly-Gly/A -NH-(Gly)s-NH2
FK-(Gly)s-NH2 Gly-Gly-Gly/FK  -NH-(Gly)s-NH2

2.4. Physico-chemical characterization

Nitrogen adsorption-desorption adsorption at -196°C was performed by means of
Micromeritics ASAP 2020 gas-volumetric apparatus. Prior to the experiments, all the
samples were activated at 100°C for 3 h in order to eliminate gaseous contaminants
adsorbed at the sample surface or filling the pores. Specific surface areas (SSA) were
calculated by applying the Brunauer, Emmett, and Teller (BET) model, Total Pore
Volume and Pore Size Distribution were determined by using the Barrett, Joyner, and
Halenda model applied to the isotherm adsorption branch (Thommes et al., 2015).

Thermo-gravimetric analysis (TGA) was carried out by means of TA Q600 (TA
Instruments) in the range 40-650°C with a heating rate of 10 °C/min under air.

2.5. Adsorption performance

CO2 and N2 adsorption gas-volumetric and calorimetric isotherms were determined
using an adsorption microcalorimeter Tian-Calvet (Setaram, made in France) equipped
with a lab-made gas-volumetric apparatus for evaluation of the adsorption isotherms
[60]. More information about this method is given elsewhere [61].

3. Results and discussion
3.1. Physico-chemical characterization
3.1.1 Gas-volumetric adsorption of N2 at -196°C

The isotherms obtained for A sample before and after functionalization with AMPS (as
representative of all the functionalized samples) are reported in Figure 2 (left section)
and present a shape of the IV type in the IUPAC classification, with hysteresis loop in
the range of relative pressure p/p°® = 0.75 — 1, indicative of the presence of mesopores.

The elaboration of the isotherms, via BET (for determining the specific surface area
SSA of the samples) and BJH (for studying the total porosity and pore size distribution)
models, gave the results reported in Table 2 and Figure 2 (right section). The SSA of A
monolith after functionalization decreases of about 28%, with no significant and specific



effect due to the functionalizing molecule used. Analogously the total pore volume of the
monoliths decreases after functionalization and the pore size distribution curves indicate
that in all cases the functionalization causes the decrease of all the mesopores with
disappearance of the smaller ones. The effect is evident after AMPS functionalization
whereas the addition of Gly chain gives negligible effect not affecting significantly the
SSA and porosity values with respect to A-NH2 sample.

Table 2 reports all the calculated BET SSA and BJH total pore volume values.
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Figure 2: Left section: Adsorption isotherms for A and A-NHz samples. The curves are shifted for the sake
of clarity: the horizontal line was inserted as a reference of the origin of the y-axis relatively to A isotherm.
Right section: Pore size distribution curves for A before and after functionalization.

Also in the case of FK-based materials, the adsorption isotherms of the FK monolith
before and after functionalization with AMPS (as representative of the functionalized
samples), compared in Figure 3 (left section), are of the IV type in the IUPAC
classification indicating the presence of mesopores. The hysteresis loop present at high
p/p’ value changes significantly after functionalization giving the pore size distribution
curves reported in Figure 3 (right section). Contrary to the previous case, the
functionalization with AMPS and AMPS-triGly causes the appearance of a larger
porosity with respect to the unmodified monolith, probably because the functionalizing
molecules are able in creating a network revealed by N2 as macropores. Otherwise, the
other functionalizing agents cause the expected effect already described above, with
the decrease of the amount of mesopores and the disappearance of the smaller pores.
The values of SSA and BJH total pore volume are reported in Table 2 indicating also
the decrease of the SSA and porosity after functionalization. The effect is particularly
evident after AMPS functionalization.
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Figure 3: Left section: Adsorption isotherms for A and A-NH: samples. The curves are shifted for the
sake of clarity: the horizontal line was inserted as a reference of the origin of the y-axis relatively to FK
isotherm. Right section: Pore size distribution curves for A before and after functionalization.

Table 2: Main results of the morphological characterization of monoliths before and after functionalization:
BET SSA and BJH total pore volume values.

Sample BET SSA BJH total pore

(m?/g) volume (cm?3/g)
A 160 1.15
A-NH:2 111 0.98
A-(Gly)2-NH2 117 0.91
A-(Gly)s-NH2 113 0.89
FK 136 0.71
FK-NH2 88 0.97
FK-(Gly)2-NHz 97 0.41
FK-(Gly)s-NH2 91 0.91

3.1.2. Thermogravimetric (TGA) analysis



TGA analysis provided to establish the loadings of the samples as well as their stability.
A and FK monoliths were processed as bare or functionalized with amine derivatives.
For the sake of comparison, the weight loss experienced by the non-functionalized
monoliths is reported in Figure 4.

100+

-
~eaa
- e e

’,
T T T e

100 200 300 400 500 600
T[°C]

Figure 4: Residual weight of A and FK monoliths in the temperature range 30-650°C. The vertical broken
line represents the value of 150°C, chosen as threshold to evaluate the amount of physisorbed water
molecule eliminated by evaporation and the amount of OH groups eliminated by condensation.

Both of them show two important regions of weight loss, the first one in the range of 30-
150°C, due to the removal of adsorbed water molecules from the surface of the
materials, and the second one in the range of 150-650°C, due to elimination of OH
group present at the surface of monoliths via condensation reaction. The nature of the
two sillicas used for the preparation of the monoliths is different, as Aerosil is obtained
by pyrolysis at high temperature whereas FK320 is produced by precipitation in
aqueous media, therefore the first one is more hydrophobic whereas the second one is
more hydrophilic. The different preparation methods reflect the obtained results: as
expected, the amount of physisorbed water removed from A monolith (about 1.8%) is
smaller than that removed from FK support (3.1%).

By employing Equation 1, we calculated the concentration of surface silanol groups
(SiOH nm?) for non-functionalized monoliths:

%O0OH * 2xN 4
100—%0OH PMpy,0*SSA

SiOH nm2 = (Equation 1)

where %OH represents the loss of H20 due to the condensation of surface silanol
groups (SiOH), 2 considers the number of silanol groups needed to form one water
molecule, N4 is the Avogadro number (6.022*102% molecules mol?), PMu2o is the
molecular weight of water (18.01 g mol?) and SSA is the BET specific surface area
expressed in nm? g?, determined by gas-volumetric N2 measurement. The
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concentration of surface silanol groups for the A monolith was 3.4 SiOH nm?2, for FK
monolith was 8.5 SiOH nm2. These values indicate the maximum capacity of monoliths
in binding functionalizing molecules, as OH groups are the reactive sites for the
covalent functionalization.

We applied the same procedure to functionalized monoliths in order to evaluate the
amount of organic matter immobilized looking at the weight loss in the range 150-
650°C. Figure 5 reports as an example the comparison between A200 before and after
AMPS functionalization, as representative of all functionalized samples. The
elaborations of the data are reported in Table 3.
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Figure 5: Residual weight of A monolith before and after functionalization with AMPS in the temperature
range 30-650°C. The vertical black line represents the value of 150°C chosen as threshold to evaluate
the amount of physisorbed water molecule eliminated by evaporation, the amount of OH groups
eliminated by condensation (for non-functionalized support) and organics eliminated by decomposition
(for functionalized materials).

Table 3: Percentage of weight loss and amounts expressed in groups nm-2 observed in terms of water
molecule evaporation, OH groups condensation and organic matter decomposition.

Samples |Physisorbed OH Organic |OH amount| Organic Chain
avr;itl(j:]t amount | amount (150-650°C) amount | extension
(150- (150- (groups g) (150- |(150-650°C)
(30-150°C) | 650°C) | 650°C) |\9MOUPS 97) grpec) B
(groups g)
(% weight) (% (% (groups
weight) | weight) gl
A 1.8 0.8 - 5.4 102 - -
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A-NH; 0.8 i 5.9 ; 6.5 102 i
A-(Gly)2-NH2 0.8 i 9.1 . 4.310% | 554102
A-(Gly)s-NH2 1.0 i 10.2 . 3.010% | 1.57 10%

FK 3.1 17 i 11.6 10% ; i

FK-NH; 26 i 8.2 ; 9.3 10% i

- - _ 20
FK-(Gly) 0.9 i 9.3 44100 | 09810

NH:2

- - _ 20
FK-(Gly)s 09 _ 01 L6100 | 03210

NH2

The data corresponding to the loss of organic amount, reported in the sixth column of
Table 4, are obtained considering Equation 2 and the following remarks: i) the OH
groups of the supports are completely engaged in functionalization therefore no residual
OH groups are present after functionalization reaction; ii) the functionalization extents is
here reported for gram of sample; iii) the number of organic molecules introduced in the
samples are calculated considering the weight of the fragment introduced on the
surface. This means that the weight of the fragment -CH2-CH2-CH2-NH2 for —NH>
samples is 58 g/mol, the weight of the fragment -CH2-CH2-CH2-NH-CO-CH2-NH-CO-
CH2-NHz for -(Gly)2-NHz2 samples is 140 g/mol and the weight of the fragment -CHo2-
CH2-CH2-NH-CO-CH2-NH-CO-CH2-NH-CO-CH2-NH2 for -(Gly)s-NH2 samples is 229
g/mol.

. g N
Organic groups gt = —2279__» 4

= E tion 2
100—%org PM fragment (Equation 2)

Results indicate that the functionalization yield of A support with AMPS was 100%, as
we reached, apart the errors derived from the assumptions made, the maximum amount
of support functionalization modifying all the OH groups present on the starting
monolith. The functionalization yield in the case of the more hydrophilic FK support
reached the 80%, lower, as expected considering the lower affinity of FK support with
the apolar solvent used in the reaction (toluene).

The subsequent chain extension reactions carried out with diGly and triGly reached
efficiencies definitely lower. Although the excess of reactants used for the
functionalization process with respect to the number of reactive sites available for the
process, we have to expect few long chains and several propylamino-groups unreacted
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on the sample surface. In order to evaluate the efficiency of this chain extension
reaction, we consider the weight loss of —(Gly)n-NH2 samples after subtraction of the
weight loss observed for —-NH2 samples in the same 150-650°C temperature range. As
described above, we consider the number of diGly and triGly reacted considering the
weight of the extending fragments (namely CO-CH2-NH-CO-CH2-NH2 for di(Gly)
reaction, fragment weight of 115 g/mol, and CO-CH2-NH-CO-CH2-NH-CO-CH2-NH: for
triGly reaction, fragment weight of 172 g/mol). The values obtained from Equation 2
corresponding to the chain extension, are reported in the seventh column of Table 4.
The efficiency of the reaction increases in the order triGly < diGly, so the number of
residual short propylamino-chains is higher in the —(Gly)s-NH2 samples with respect to —
(Gly)2-NHz samples. More in detail, 85% of propylamino-groups underwent chain
extension for A-(Gly)2-NHz2 sample, 24% for A-(Gly)s-NH2 sample, 6% for FK-(Gly)2-NH2
sample and 3% for FK-(Gly)s-NH2 sample.

3.2. Adsorption of CO2 and Nz at 30°C

CO2 adsorption capacity and related energy of CO2-material interaction are measured
using a Tian-Calvet microcalorimeter at the constant temperature of 30°C. These
measurements were performed on the monoliths before and after functionalization in
two runs: the first one (primary adsorption) immediately after the vacuum activation of
the samples at 30°C, the second one (secondary adsorption) after the first run and a
vacuum outgassing at the same temperature overnight. The vacuum outgassing should
remove only CO: fraction reversibly (i.e., weakly) bonded to the material surface,
whereas the irreversible fraction (i.e., the most strongly interacting with the surface)
should remain attached leaving less sites available for secondary adsorption. Therefore,
the difference between the two curves allows to evaluate the reversibility of the
interaction as it corresponds to the amount of CO:2 irreversibly adsorbed by the sample
at 30°C.

For evaluating the selectivity of the adsorption, also N2 measurements were carried out:
negligible adsorption was observed for all the samples confirming that amino-
functionalized samples give specific interactions with CO2 molecules and can, therefore,
be applied for CO2 removal from combustion downstream lines.

As an example, Figure 6 reports the main results obtained with gas-
volumetric/microcalorimetric analyses. Figure 6, upper section, reports the adsorbed
amounts as a function of equilibrium pressures, Figure 6, lower section, shows the
interaction energies as a function of CO2 coverage for the primary and secondary
adsorption runs obtained for FK monoliths before and after AMPS functionalization. For
simplifying the reading of the graphs, curves interpolating the experimental points were
drawn down. As a result, the number of CO2 molecules adsorbed on the functionalized
monoliths is significantly higher than the number of CO2 molecules adsorbed on the
non-functionalized monoliths, but about 10% of the molecules interacts irreversibly with
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the material at 30°C. The curves related to the heats of interaction COz-surface indicate
a quite high energy evolved at low CO2 coverage (the q° value extrapolated at zero
coverage is about 130 kJ/mol), probably due to the formation of irreversibly bonded
species, whereas an energy of less than 20 kJ/mol was evolved at higher CO:2
coverage, most likely due to the formation of reversibly bonded species. Actually, CO2
can establish two types of interactions with oxide surfaces: via donation of oxygen lone
pair to surface Lewis acid sites, namely cationic atoms of the surface (linear
coordination), or via interaction of the carbon atom with surface basic sites, namely
oxygen atoms of the surface (bent coordination). The activation of the sample at 30°C is
not enough to make available strong Lewis acid sites for CO: interactions, therefore
only weak bonds can be formed with linearly coordinated CO2 molecules. Otherwise,
the interaction of CO2 molecule with surface basic sites implies a stronger bond,
specifically, C and O atoms of CO2 molecule can interact with surface O and adjacent
cationic sites, respectively, therefore, in general, the formation of carbonate-like species
produces high heats of interaction and formation of bonds hardly breakable.
Considering the monolith case, SiO2 oxide is enough apolar (due to the covalent bonds
of the oxide framework) to avoid the interaction of silicon atoms with CO2 molecules, but
BBS, used as binder to produce monoliths, bring some inorganic components
containing Ca?* and Mg?* cations responsible of the increase of the surface basicity. As
a consequence, CO2 can form stable carbonate-like species at the monolith surface, as
demonstrated by the FTIR spectra carried out in the presence of CO2 as probe
molecule (see Figure 7).

FTIR spectroscopy allows revealing the vibrational features of samples, comprehensive
of surface functional group vibrations. The spectra of plain FK and FK-NH2z monoliths
are quite different in terms of: i) intensity and shape of the broad signal in the range
3700-2500 cm™ due to von interacting via H-bonding, ii) presence of a signal at 3200
cm due to vnn, iii) intensity and shape of the large signal in the range 1800-1350 cm™
due to voco of carbonate-like species. In all regions, FH-NH2 sample shows the most
intense signals, as the presence of polar amino groups favors the interaction of the
surface with atmospheric water and CO2 molecules. In addition NH2 groups are
responsible for the couple of bands at around 3200 cm™. The only signal not present in
the FH-NH:2 spectrum is the narrow component at 3740 cm-?, related to the presence of
isolated non-interacting OH groups: this signal disappears after the grafting procedure
which exploits the OH groups to bind the functionalizing molecules at the monolith
surface. The interaction of the samples with CO2 deserves a detailed description. As
mentioned above, CO2 molecules can interact linearly or in a bent form with an oxide
surface: the two situations produce signals in the spectrum in the two regions evidenced
in Figure 7: around 2340 cm™ the linear form, in the range 1800-1350 cm™ the bent
forms. Looking at the spectra reported in Figure 7, it appears clearly that the linear
interaction is mainly established on FK monolith, whereas both linear and bent
interactions are present on FK-NHz2 sample, thanks to the presence of amino groups. In
addition, the bent interactions are not completely reversible, as the bands formed by
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COz2 interaction in the low frequency range do not disappear completely during the
vacuum outgassing of the sample at the temperature of the IR beam, indicating the
probable formation of surface carbamate-like species. This results confirms the
evidence obtained by the gas-volumetric adsorption measurements. The formation of
carbamate-like species is a drawback of the material, as the regeneration of the
adsorbing material at low temperature is not complete, nevertheless the amount of COz2
reversibly bonded to the functionalized sample is enough high for justifying the
deepening of this study.
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Figure 6: CO2 adsorbed amounts (upper section) and adsorption heats (lower section) for FK monoliths.
Full symbols: primary run, empty symbols: secondary run. The solid line curves represent a possible trend
for an easy reading of the experimental points.
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Figure 7: FTIR spectra of FK and FH-NH2z monoliths activated at BT (IR Beam Temperature, solid line),
after contact with 20 Torr CO2 (broken line), after prolonged contact with CO2 (red curve) and after CO2

outgassing at BT (dotted line).
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Figure 8: Summary of CO2 adsorbed amounts obtained for the equilibrium pressure of 400 Torr, primary
(Step 1) and secondary (Step Il) adsorption.

The summary of the main results obtained by gas-volumetric adsorption measurements
are reported in Figure 8. The best samples for CO2 capture are those functionalized
with AMPS and the best one in absolute terms is FK-NH2z, leading to an amount of
captured CO2 of about 750 umol/g for 400 Torr of equilibrium pressure.

The performance of this material was compared with that of a literature activated carbon
[14] in order to establish a comparison with a known system and determine the
applicability of monolith material in real applications. As visible in Figure 9, the
comparison is encouraging and confirms a possible industrial application of FK-NH2
material. In fact, the amount of CO2 captured by activated carbon is only the double
than that observed for the monolith material: it is expectable that an optimization of the

adsorbent could increase that amount.
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Figure 9: Comparison between adsorption capacity of an activated carbon from the literature [14] (white
squares) and FK-NH: (black squares).

In order to optimize the efficiency obtained with FK-NH2 sample, we tried to explain the
possible reasons at the base of the good performance of this material. We can consider
three main factors: the extension of the surface area, the efficiency of the
functionalization (i.e., number of NH2 groups as calculated by Eq.2 and tabulated in
Table 3, namely 6.5 10%° and 9.3 10%° NH:2 groups g? for A-NH2 and FK-NH:
respectively) and the hydrophilic/hydrophobic character of the support. For what
concerns surface extension, A-NH2 sample shows a higher SSA with respect to FK-
NH2, therefore this is not the crucial factor for the higher CO2 adsorption observed. The
functionalization extent for FK-NH2 is 43% higher than that of A-NH2, whereas the CO>
adsorbed amount is about three times that measured for A-NHz, so no direct correlation
exists between the number of NH2 groups available and the CO2 uptake. The only
aspect explaining the trend of the results obtained is, therefore, the different polarity of
the supports, that means that more polar surface attracts more efficiently CO:
molecules. To test this hypothesis, water adsorption measurements were carried out on
A and FK and the results are reported in Figure 10 in terms of adsorbed amount and
heat of adsorption.
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Figure 10: Gas-volumetric adsorption isotherms (upper section) and heats of adsorption (lower section) of
water adsorbed at 30°C on A and FK monolith outgassed at 30°C.

As it can be seen, the FK monolith adsorbs a higher amount of water with higher heat of
adsorption, indicating a higher polarity with respect to A monolith.

The other aspect to consider is the effect of the chain extension carried out with diGly
and triGly which does not show great beneficial effects on CO2 capture. Probably the
inductive effects of amidic groups (2 groups in diGly sample and 3 groups in triGly
sample) decrease the availability of amine N lone pair decreasing consequently the
strength of the interaction with CO2 molecules. As a proof of this hypothesis, samples
experiencing a high yield of chain extension reaction (A-(Gly)2-NHz and A-(Gly)s-NH2)
possess limited amounts of residual propylamino-groups and consequently exhibit a
limited ability in CO2 capture. On the contrary, samples experiencing a low yield of chain
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extension reaction (FK-(Gly)2-NH2 and FK-(Gly)s-NH2) possess higher amounts of
residual propylamino-groups and consequently exhibit a higher efficiency in CO:2
capture.

4. Conclusions

The synthesis of hybrid organic-inorganic monoliths was successfully carried out with
production of high surface area, mesoporous, handleable supports with good
mechanical properties which can be efficiently surface-functionalized exploiting the
reactivity of SiOH groups. Monoliths before and after surface modification were physico-
chemically characterized in order to obtain insights about morphology, functionalization
extension and thermal stability, and tested towards CO2 capture at 30°C.

The propylamino-groups demonstrated to be the most efficient for support
functionalization, as the presence of amidic groups, introduced during the chain
extension reaction and bringing unfavorable inductive effects, produce less efficient
materials, whose efficiency depends on the yield of the chain extension reaction.

The polarity of the support plays a fundamental role in the functionalization reaction, as
the solvent used change the wettability of the monolith and consequently the reaction
yield, but also the CO2 capture process efficiency.

Last but not least, the monolith preparation method allows to reuse composted urban
waste in a technological application that increases the importance and the economic
value of the separated collection and recycle/reuse of organic residues extending the
circular economy principles in the field of CO2 capture.
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