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The effect of minor amounts of water on the CO, and CH4 adsorption on primary and secondary amine-
functionalised mesoporous silicas (APTES@SBA-15 and DEAPTES@SBA15, respectively) was studied with a
combination of high-pressure gas adsorption, solid state NMR of labelled 1*CO, and density functional theory
(DFT) calculations. Known amounts of water were pre-adsorbed on the materials (0.047 to 0.157 mmoleg 1) and
the adsorption performance for CO2 and CH4 was compared to the performance of the dry samples. We observed
that even when only minor amounts of water are present, the tertiary amine-functionalised material revealed a
significant enhancement of the selectivity for CO2 (from ca. 5.8 to 208) while the one with primary amine
maintained the same adsorption properties. This is related to the change in the adsorption mechanism in
DEAPTES@SBA15 when water is present since water participates in the reaction of the tertiary amine with COy
to produce bicarbonate (confirmed by NMR and DFT results). Such species was not observed in APTES@SBA-15
with water. From a broader perspective, the results presented in this work are relevant to confirm the suitability
of this type of hybrid adsorbents in industrial applications related with CO5 adsorption, where minor amounts of
water may be present in the process streams, such as during bio, landfill, or natural gas upgrading, or also in
carbon capture applications.

1. Introduction streams. However, this technology is energetically demanding due to the

high temperature needed for regeneration (= 150 °C). Amine deacti-

In the search for alternative energy sources, the exploitation of
biogas and landfill gas sources that are rich in methane (CH,4) assume a
relevant role in the reduction of the carbon footprint of modern soci-
eties. These gas sources are usually contaminated with a significant
amount of carbon dioxide (CO5) (<50 %) that needs to be removed to
obtain fuel-grade methane (methane upgrading). Other contaminants
are also present but their amounts rarely ascend to 1-5% [1]. Therefore,
CO4 and CH4 are the main components in these mixtures that need to be
separated. Indeed, the technologies to separate CO, from streams that
contain a significant concentration of this gas need to be energy effi-
cient, otherwise the trade-off for the purification of the biogas and
landfill gas sources may be compromised, i.e., the balance between the
energy resulting from the obtained upgraded methane and the energy
spent in the purification. Gas scrubbing with aqueous amine solutions is
a commonly used technology for the removal of COy from gaseous
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vation, toxicity and corrosion are also factors that make this process
unsustainable in the long term. Thus, in the last decades, new alterna-
tives are being considered to increase the energy efficiency of this pu-
rification step [2,3].

Adsorption by porous solids is an interesting alternative for the
separation of gases, particularly of light gases that are close or above the
critical point at ambient temperature [4]. In these cases, separation by
distillation is usually avoided since it requires cryogenic conditions with
high expenditures with several compression-cooling cycles to liquify the
process stream, thus not being a viable alternative to the amine scrub-
bing process. The selective adsorption of one compound at the surface of
a judiciously chosen solid adsorbent may be exploited to purify gas
streams by separation processes. These processes are usually designed to
be cyclic, with a step for the desorption of the most abundant gas thus
allowing the regeneration of the adsorbent material to be used for
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several cycles. In this context, it is extremely relevant to understand the
effect of trace compounds occurring in the mixture that may accumulate
in the adsorbent and change the adsorption behaviour for the main
compounds to be separated. Natural and biogas sources are often
contaminated with water that can be removed before the last step of
methane purification to avoid problems during the processing of the gas
mixture. Nevertheless, some trace amounts of water can still be present
during the CH4/CO> separation. If it is strongly adsorbed, this water can
accumulate inside the adsorbent material and significantly change the
adsorption behaviour. In the present work, we focus on the influence of
moisture on the adsorption and separation of CO5 and CHy, using amine-
functionalised mesoporous silicas.

Mesoporous silicas functionalised with amines are a type of hybrid
adsorbent material that have been extensively explored as adsorbents to
capture CO; from flue gases, for eventual application in carbon capture
technologies [5]. Impregnation of the pores with amine containing
polymers or grafting amine groups at the surface of the pores are the two
main routes to produce aminated materials with high selectivity and
capacity towards CO, at low partial pressures [6]. Mesoporous silicas
with wide pores, like SBA-15, are normally chosen to be easily func-
tionalised with high amounts of covalently tethered amines. These
materials can capture CO5 from flue gas even in the presence of moisture
[7-9]. Our team has previously demonstrated that this type of materials
can be efficiently used for the separation of CO, from CHy, particularly
when primary amines are used [10]. With this type of amines, the ma-
terials can be partially regenerated in pressure swing cycles at ambient
pressure or using moderate vacuum, affording an interesting working
capacity while exhibiting excellent selectivity towards CO». This hap-
pens because CO3 is chemisorbed and the species formed at the surface
of the material are stabilised by a network of hydrogen bonds. Never-
theless, they still remain labile and the equilibrium can be displaced to
obtain again COy by vacuum [11]. After the saturation of the amine
layer with CO», yielding different types of hydrogen-bonded carbamic
acid species at the surface, the CO, continues to be selectively adsorbed
over CH4 due to the polarity of the species formed at the surface
extending the high selectivity of these materials to pressures above the
atmospheric one [10]. Thus, these materials present interesting prop-
erties for COo/CH4 separation over a large range of pressures making
them attractive for cyclic processes with pressure swing adsorption —
PSA.

More recently, we explored the effect of small amounts of water on
the speciation of the chemisorbed CO, at the surface of the amine-
functionalised mesoporous silicas [12]. In the adsorbent materials
functionalised with neighbouring primary amines, the water promotes
the proton transfer of carbamic acid to nearest-neighbouring amines,
leading to formation of alkylammonium carbamate ion pairs, while in
materials with isolated amines the acidic proton of the carbamic acid is
transferred to a water molecule. Interestingly, tertiary amines displayed
an enhanced interaction with CO» in the presence of water, but in this
condition the adsorption occurs via the formation of bicarbonates since
there are no protons on the amines that can be transferred to CO». In the
present work, we explore how the presence of small amounts of water at
the surface of primary and tertiary amines changes the adsorption
properties for CO, and CHy4, and how it influences the separation of these
gases. A combination of adsorption experiments in dry and wet samples
with information from solid state NMR and electronic density functional
theory models afforded a molecular level interpretation of the observed
changes in CO,/CHjy selectivity.

2. Methods
2.1. Materials synthesis
SBA-15 (7 nm pore size) was purchased from Sigma-Aldrich. SBA-15

was functionalised with amino-organosilanes; amino-
propyltriethoxysilane — APTES (purity greater than 98%; Sigma-Aldrich)
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and 3-(diethylamino)propyltrimethoxysilane - 3-DEAPTES (96%;
Sigma-Aldrich). To ensure the dryness conditions of the reaction media
and material to prevent silane polymerisation within, 2 g of SBA-15 was
introduced in a closed reflux apparatus connected to a vacuum line and
heated to 150 °C for 2 h. After cooling, nitrogen was introduced into the
system prior to the opening of the reflux apparatus, and SBA-15 was
refluxed with 100 cm?® of dry toluene (99.8%; Sigma-Aldrich) containing
9 mmol of the amino-organosilane for 24 h in a nitrogen atmosphere.
The resulting material was purified by Soxhlet extraction with dry
toluene, to remove the unreacted amino-organosilanes, and finally dried
under vacuum at 120 °C for 24 h. Functionalised materials were named
APTES@SBA-15 and DEAPTES@SBA-15.

2.2. Materials characterisation

The porosity of the materials was determined by nitrogen (Nj)
adsorption at —196 °C. The Ny adsorption isotherms were obtained in an
automatic apparatus, Micromeritics ASAP 2010. Prior to isotherm
measurement, the samples (~ 50 mg) were outgassed at 150 °C under
vacuum greater than 1072 Pa, for 2.5 h. From N, adsorption data, the
specific surface area (Aggr) was determined through Brunauer-Emmett-
Teller (BET) equation in the 0.05 < p/pO < 0.2 pressure range [13], and
the total pore volume (Vpore) Was assessed by the Gurvich rule [13],
corresponding to the volume of Ny adsorbed at p/p® = 0.95. The mes-
opore size distributions were obtained by the Broekhoff-de Boer (BdB)
method, in a version simplified with the Frenkel-Halsey-Hill (FHH)
equation [14] that was previously shown to give accurate results when
applied to mesoporous silicas and silicates [15].

Elemental analysis was performed on a Truspec 630-200-200
equipment, using thermal conductivity as the detection method for ni-
trogen (combustion temperature of 1075 °C). The thermogravimetric,
differential scanning calorimetry experiments was performed using the
same protocol as described in our previous work [11] (details in the
Supporting Information).

2.3. Adsorption of carbon dioxide and methane above atmospheric
pressure

The CO5 (99.998%; Air Liquide) and CHy4 (99.995%; Air Liquide)
adsorption isotherms were collected at 25 °C in increasing pressures up
to ca. 1000 kPa (10 bar), using the manometric method, in a lab-made
stainless-steel volumetric apparatus [16] with a pressure transducer
(MKS, Baratron 627D14TBC1B), and equipped with a vacuum system
(Pfeiffer Vacuum, HiCube 80 Eco). Prior to collecting experimental data,
all samples were degassed at 150 °C for 2 h, under a vacuum pressure of
10~* Pa. During the experiments, the temperature of the adsorption
system and of each sample was controlled with a thermostatic water
bath with an accuracy of 0.01 °C (Julabo, MB-5). Experimental
adsorption isotherms were obtained considering the non-ideality of the
gas phase using the second and third virial coefficients. Excess adsorbed
amounts were converted to the absolute adsorbed amounts considering
the porous volume of the material and the density of the gas phase [17].
The average selectivity and phase diagrams of binary CO,/CH4 mixtures
were estimated by a method proposed by Myers [18] based on the Ideal
Adsorbed Solution Theory (IAST) [19]. The implementation of this
method requires the use of an analytical expression to fit the experi-
mental adsorption equilibrium isotherms that, in the scope of this work,
is given in the form of a Langmuir-virial equation (1) for the adsorption
of COy, and a virial equation (2) for the adsorption of CHy, in which the

pressure, p, is a function of the adsorbed amount, nads, as follows:
_ n‘dds m ads ads? 1
P=—% o—m_nadsexp<cln +Con +> (@)
nads J .
p= X exp(Cln“+C2n“ +> (2)
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and where K is the Henry constant, m is the saturation capacity and (Cy,
Co, ...) are the respective coefficients of the virial series expansion
needed to fit the experimental data points [18]. A detailed description of
the complete implementation of this method can be found in previous
works [20,21].

To study the effect of the presence of a small amount of adsorbed
water on the adsorption of CO, and CHy4, a given pressure of water
vapour was introduced in the calibrated volume (up to ca. 2.1 kPa) and
then dosed to the freshly activated sample. After equilibrium, the final
pressure was below the sensitivity of the pressure transducer (<6 Pa)
and it was assumed that all the amount of water was adsorbed in the
sample. For the calculations of the amounts adsorbed, the non-ideality of
the water vapour was accounted with the second viral coefficient. Prior
to use, deionised water (Millipore Milli-Q) was further purified by
freeze — vacuum — thaw cycles.

2.4. Solid-state NMR measurements

13¢ solid-state (ss) NMR spectra were acquired on a Bruker Avance III
700 spectrometer operating at Bo = 16.4 T, with '3C Larmor frequency of
176.1 MHz. All experiments were performed on a double-resonance 4
mm Bruker MAS probe and the samples were packed into ZrO, rotors
with Kel-F caps with a spinning rate of 12 kHz. '3C CSs are quoted in
ppm from o-glycine (secondary reference, carbonyl peak at 176.03
ppm). The '3C CPMAS spectra were acquired under the following
experimental conditions: 'H 90° pulse set to 3.0 pis corresponding to a rf
of ~83 kHz; the CP step was performed with a contact time (CT) of 2000
ps using a 70-100% RAMP shape at the 'H channel and using a 50 kHz
square shape pulse on the 13C channel; RD was 5 s. During the acqui-
sition, a SPINAL-64 decoupling scheme was employed using a pulse
length for the basic decoupling units of 7 ps at rf field strength of 83 kHz.

2.5. Computational details

The electronic density functional theory calculations considered the
MO06-2X functional [22,23] and the 6-31G(d) basis set [24,25], and were
performed with the Gaussian 09 package [26]. This combination of
exchange-correlation functional and basis set was found to be adequate
for geometry optimisation and calculation of 'H, 13C and >N NMR shifts
[11,12,27] with the GIAO method [28,29], yielding accuracies similar
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or even better than those obtained with computationally more expensive
approaches [12].

The molecular models were obtained as in our previous studies
[11,12,27], i.e., upon replacing three surface OH groups with silylpro-
pylamines on the surface of molecular clusters cut from the periodic
experimental crystallographic structure of alpha-quartz, and with
dangling bonds at the edges of the cluster models due to elimination of Si
atoms saturated with H atoms along the O-Si directions.

3. Results and discussion
3.1. Characterisation of the adsorbent materials

The present work is focused on the influence of pre-adsorbed water
for CO,/CHy separation. Besides the effect of amine functionalisation,
gas separation may also be affected by the textural properties of the
samples. The functionalisation affected the pore size distribution and
respective N5 adsorption isotherms of the samples (Fig. 1). The textural
properties and the nitrogen (N) content are listed in Table 1. Successful
amine functionalisation can be inferred from the decrease of BET surface
area from ca. 743 (parent SBA-15) to 340 and 329 m2?eg~! upon func-
tionalisation with APTES and DEAPTES, respectively. The pore volume
has also decreased upon functionalisation with both amines, with a
slightly higher decrease for the material functionalised with the bulkier
DEAPTES amine. No significant change was observed on the pore

Table 1

Textural properties determined from N, adsorption/desorption isotherms at
—196 °C and N content obtained from elemental analysis of the amine-
functionalised SBA-15 materials.

b) <) d)

Material Aggr @ Vpore dpore N content
m2eg~! cmPeg! nm mmoleg ™!
SBA-15 743+ 3 0.839 7.0 —
APTES@SBA-15 340 £ 2 0.665 7.8 1.08
DEAPTES@SBA-15 329+ 3 0.585 7.0 1.00

2 Specific surface area (Aggr) calculated by the BET equation; 5 Total porous
volume (Vpere) calculated from the adsorbed amount at p/p0 = 0.95 [13]; ©
Maxima of the pore size distributions (dpore) shown in Fig. 1; D N content
determined by thermogravimetry with differential scanning calorimetry in ref.
[11].

30
] —e—SBA-15
31 —a— APTES@SBA-15
2 T s, DEAPTES@SBA-15
—_ 20 1>
F‘.bb
E
£ 15
8
< 10

p/p°

Fig. 1. N, adsorption (closed symbols) and desorption (open symbols) isotherms at —196 °C, and pore size distribution for SBA-15 (blue circles), APTES@SBA-15
(red triangles) and DEAPTES@SBA-15 (green squares). Note: pore size distributions obtained from the BdB-FHH method [14].
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diameter, although a minor difference can be noticed from
APTES@SBA-15 to SBA-15 that may be attributed to variations in SBA-
15 batch synthesis. The N content determined on both functionalised
samples, 1.08 mmoleg™! for APTES@SBA-15 and 1.0 mmoleg™! for
DEAPTES@SBA-15 and the FTIR/ssNMR measurements, further sup-
ports a successful functionalisation of the materials.

The infrared spectra (Figure S1) of the functionalised materials
display additional vibrations in the region of 3500-3300 cm™!
(stretching of N-H bond) and 1650-1580 em~! (N-H amine bending).
The '3C ssNMR spectra of APTES@SBA-15 and DEAPTES@SBA-15
(Figure S2) exhibit three resonances (8.7, 21.5 and 42.5 ppm) corre-
sponding to the propyl chain and four resonances (9.6, 19.4, 46.2 and
56.7 ppm) corresponding to the propyl chain and ethyl groups, respec-
tively. A more detailed discussion of the characterisation of the samples
can be found in our previous works [11,12].

3.2. Adsorption of carbon dioxide and methane under dry and wet
conditions

The CO; and CH4 adsorption equilibrium isotherms at 25 °C and for
pressures up to 1000 kPa (10 bar) obtained for the two amine-
functionalised SBA-15 materials under dry and wet conditions can be
found in Fig. 2. The two studied materials (under dry and wet condi-
tions) show a significantly greater affinity towards CO5 than CH4, which
is a good indicator of the materials’ potential for the separation of these
two gases. The results confirm that the functionalisation with amines
selectively enhances CO4 adsorption particularly at low pressures when
comparing with the parent SBA-15, in agreement with previous results
[10]. Furthermore, the linear tendency of the CH4 adsorption isotherms
is representative of the low interaction of this gas with the pore surface
of both materials. Considering the adsorption of CO5 on the dry mate-
rials (Fig. 2, red triangles), APTES@SBA-15 shows a higher CO, uptake
compared to DEAPTES@SBA-15. This is due to two effects. One is the
bulkier nature of the tertiary amine which limits COy adsorption. The
second, and most important, is the types and strength of interactions of
the primary amine with COy [10-12,30].

When low amounts of water vapour were pre-adsorbed into the dry
materials (section 2.3), the effect on the CO, and CH4 adsorption is
significantly different in both materials. We opted to use small amounts
of water vapour because we were interested in studying the effect of
minor amounts on the pore surface and not on the filling of the pores,
when each gas is adsorbed.

For APTES@SBA-15, when ca. 0.157 mmoleg ™! of water vapour is
loaded into the material prior to the CO, and CHy4 adsorption experi-
ments, the change in the isotherms is not significant. Regarding CO»
adsorption under wet conditions, the isotherm (Fig. 2a, purple squares)
overlaps with the corresponding dry material adsorption isotherm
(Fig. 2a, red triangles), indicating that, under such experimental con-
ditions, a low amount of moisture on the surface does not enhance the

30 | a) APTES@SBA-15
25+ 4C0

= CO, +0.157 mmol-g™ H,0
201  °CHa

CHa +0.157 mmol-g™ H,0

Nyqs [mmol-g]

1.5 1
1.0 1
b
0.5 -
1 — O
0.0 tee=t———+t ; f ; f ; f ; f
0 200 400 600 800 1000
p [kPa]
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CO4 adsorption capacity. This is in contrast to what has been reported in
the literature, where some studies [31-33] indicate that there is an in-
crease in CO. adsorption capacity under wet conditions in silicas
modified with primary amines, partly as a result of the formation of
bicarbonate species that could, in theory, double the CO,/N molar ratio
from 0.5 (under dry conditions) to 1 (under wet conditions). However,
our previous findings [12] have shown that bicarbonate species, if
formed under wet conditions in primary-amine-modified materials,
would not be present in a sufficiently high amount to justify an increase
in CO, adsorption capacity.

For DEAPTES@SBA-15, the influence of water on the pore surface of
the materials upon CO2 adsorption was analysed using two different pre-
adsorbed water vapour contents: ca. 0.140 mmoleg ™! (close to the value
used on APTES@SBA-15) and ca. 0.045 mmolog_1 (corresponding to ca.
2.1 and 0.7 kPa respectively). For the former, the amount of pre-
adsorbed water is close to that used for the sample modified with the
primary amine, and the main goal of this test was to compare the in-
fluence of a similar amount of pre-adsorbed water on the uptake of CO,
on both materials. For the latter, the main goal was to see if such a low
amount of pre-adsorbed water would lead to any change in CO uptake
on DEAPTES@SBA-15, and if so, to what extent.

For the test with the highest amount of pre-adsorbed water, 0.140
mmoleg !, there is a substantial increase in CO, uptake in comparison
with the dry sample (Fig. 2b, purple squares and red triangles, respec-
tively). In fact, the CO5 uptake in the wet material is, on average, ca.
twice as high as in the dry material, over the whole pressure range. This
difference is even more significant at sub-atmospheric pressures (below
ca. 100 kPa), presenting a 2.9-fold increase in CO uptake in comparison
with the dry material. At higher pressures, CO, uptake is approximately
1.2-times higher on the wet material. Using 0.045 mmoleg™! of pre-
adsorbed water is sufficient to increase the COy uptake considerably
(up to 1.7-fold) over the whole pressure range in the tertiary-amine-
modified material (Fig. 2b, orange crosses). This significant increase in
CO,, uptake is attributed to the formation of bicarbonate species in the
presence of water, as opposed to primary amine-modified materials
[12]. DEAPTES@SBA-15 loaded with ca. 0.140 rnrnolog’1 of pre-
adsorbed water vapour shows ca. 1.3-fold increase in CO2 uptake (up
to 250 kPa) compared to APTES@SBA-15, either in dry or wet condi-
tions. About the same trend is observed when loading ca. 0.045
mmoleg ™! of pre-adsorbed water vapour (up to ca. 130 kPa).

Regarding the adsorption of CH4, the pre-adsorption of 0.133
mmoleg ! of water vapour leads to a decrease in CH4 uptake in com-
parison with the dry sample (Fig. 2b, green diamonds and blue circles,
respectively). This effect can either be attributed to the presence of the
pre-adsorbed water on the pore surface, leaving less space available for
the already limited adsorption of CH4 or to the decrease of CH, in-
teractions with surface groups.

For a more quantitative analysis, the experimental results for CO5
and CH4 were fitted to the virial isotherm equations (1) and (2),

>0 | b) DEAPTES@SBA-15
25 1 4 €O,
CO, +0.045 mmol-g™ H,0
20 4 = CO; + 0.140 mmol-g™ H,0
® CHa
15 CHa +0.133 mmol-g™ H,0

n3és [mmol-g]

1.0

0.5

0.0

p [kPa]

Fig. 2. Adsorption equilibrium isotherms of CO, and CH4 at 25 °C obtained for the SBA-15 materials functionalised with the primary amine APTES (a) and tertiary
amine DEAPTES (b) under dry and wet conditions. Solid lines represent the nonlinear least-squares fit of the Virial model to the experimental points (cf. Table 2).
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respectively, as shown by the solid lines in Fig. 2, and the obtained
parameters can be found in Table 2. As depicted in Table 2, the Henry
constants (K) obtained for all CO, adsorption experiments are higher
than those for CHy, thus corroborating that both materials display
higher affinity for the former than the latter in all situations studied.
Under dry conditions, for APTES@SBA-15, Henry’s constant for COs is
ca. 25 times higher than for CH,, and under wet conditions no significant
change in this ratio was observed, confirming the negligible effect of the
pre-adsorption of water vapour on this material. For DEAPTES@SBA-15
under dry conditions, the value of K determined for CO5 is only ca. 8
times higher than for the hydrocarbon. However, under wet conditions,
Henry’s constant for CO, adsorption becomes more than 1000 times
higher than for CHy4 (for the highest moisture content), thus showing the
overwhelmingly positive effect that the presence of pre-adsorbed water
in the separation. Comparing only these quantitative adsorption results
for CO, adsorption, it is also interesting to note that the Henry constant
for APTES@SBA-15 1is almost three times higher than for
DEAPTES@SBA-15 under dry conditions. However, under wet condi-
tions (highest amount of pre-adsorbed water), the value of K obtained
for DEAPTES@SBA-15 is now 30 times higher than for APTES@SBA-15.
The saturation capacity, m, obtained using the Langmuir-virial equation
(2) to fit the CO, experimental adsorption data, is higher for
APTES@SBA-15 than for DEAPTES@SBA-15 in all situations tested, and,
for each material, decreases slightly with increasing content of pre-
adsorbed water vapour. This was expected considering that the sur-
face area and pore volume are higher for APTES@SBA-15, and that the
pre-adsorbed water molecules leave less space available for the
adsorption of the other molecules. Overall, APTES@SBA-15 shows a
higher CO, uptake and saturation capacity. However, at low-pressures,
where adsorption is mainly driven by interactions of the gases with the
pore surface of the materials, the adsorption of CO3 in DEAPTES@SBA-
15 appears to improve considerably under wet conditions.

To summarise, the adsorption experiments have shown that both
materials adsorb higher amounts of CO, than CH,4, demonstrating that
the presence of a small amount of pre-adsorbed water vapour affects the
adsorption of CO, on SBA-15 functionalised with primary and tertiary
amines in completely opposite ways. In the primary-amine-modified
SBA-15, the pre-adsorption of water vapour does not appear to have
induced changes in the adsorption mechanism of CO5 that would result
in any significant difference in its uptake. In contrast, in SBA-15 func-
tionalised with a tertiary amine, the pre-adsorption of water vapour
induces a remarkable increase in CO, uptake, as a consequence of a
significant change in the CO; adsorption mechanism, i.e., the formation
of bicarbonate species [12]. Before application of these materials in
industrial systems for COy/CH4 separation, the effect of the feed water
concentration on the separation performance must be established.
Nevertheless, our results clearly show that for amounts of accumulated
water below ~ 0.15 mmoleg ™! the effect is either null or positive for
primary or tertiary amine functionalized materials, respectively.
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3.3. Separation of carbon dioxide and methane mixtures

The variation of the average selectivity towards CO, with pressure
for both materials under dry and wet conditions can be found in Figs. 3
and 4. For both materials under dry and wet conditions, the predicted
average selectivity sharply increases in the lower-pressure region until it
reaches a maximum around 134 kPa. After reaching the maximum, the
selectivity of the separation decreases gradually with increasing pres-
sures for all scenarios, until it begins to stabilise in the high-pressure
region, i.e., above 800-900 kPa. The initial sharp increase observed
may be attributed to the concomitant effect of the strong chemical in-
teractions between CO, and the different amine moieties (with or
without pre-adsorbed water) and the COy physisorption against the
previously formed CO, chemisorbed species [10,11]. Above 134 kPa, as
pressure continues to increase, this concomitant effect has a weaker
expression and thus the selectivity decreases [10].

For the case of APTES@SBA-15, the pre-adsorption of water vapour
could potentially have a slightly negative effect on the separation of a
binary CO2/CH4 mixture above 134 kPa (cf. Fig. 3). However, for
DEAPTES@SBA-15, the overwhelmingly positive effect that the pre-
adsorption of water vapour could potentially have on the separation
of CO,/CH4 gas mixtures is clear from the analysis of the average
selectivity (cf. Fig. 4).

The significant increase in the CO2/CH4 selectivity of
DEAPTES@SBA-15 due to the presence of water is consistent with the
changes observed in the NMR spectra once dry and wet samples are
exposed to '3C-labelled CO, (Fig. 4). The presence of water in this
sample promotes the formation of a CO2 adduct at the surface with a
chemical shift at ca. 161 ppm, while in the dry sample the observed
resonance appears at ca. 155 ppm. The assignment of these resonances,
assisted by DFT calculations (optimised molecular models and calcu-
lated chemical shifts in the insets of Fig. 4), indicates that the spectral
changes arise from the formation of bicarbonate in the presence of
water, not observed in dry conditions [12]. The pre-adsorbed water,
allowing the formation of bicarbonate at the surface of the
DEAPTES@SBA-15 material, promotes the CO, chemisorption that
would be otherwise impossible, explaining the extraordinary increase in
the selectivity for this gas in CO2/CHy4 mixtures.

The spectra obtained for APTES@SBA-15 after 13CO, adsorption in
the presence of water (Fig. 3) shows differences with respect to the dry
sample, in particular the disappearance of the resonance at 154 ppm
under moist conditions, consistent with our previous work [12]. The
other important change is the area increase of the other bands observed
at ~ 160 and ~ 164 ppm. These changes are due to an increase of the
deshielding of the carbon of the carbonyl group and an increase in the
charge separation between the amine and carbamic acid groups, but
without the formation of bicarbonate. A complete discussion on the
NMR and DFT results may be found in our recent work [12]. The main
feature to highlight here is that the changes induced by the presence of
water at the surface of the material functionalised with the primary
amine do not significantly affect the selectivity for CO5 in CO2/CHy4

Table 2
Estimated Henry constants (K), saturation capacities (m) and virial coefficients (C;, C5) for the adsorption of CO, and CH,4 on the studied materials under dry and wet
conditions.
Sample Gas NH20,pre-adsorbed K m G Cy
(mmol-g—1) (mol-kg~1-kPa™!) (mol-kg™1) (kg-mol ™) (kg-mol~1)?2
APTES@SBA-15 COy — 1.85 x 1072 2.61 2.15 -0.92
0.157 1.96 x 1072 2.58 2.24 -0.96
CH,4 — 7.44 x 107* — — —
0.157 8.46 x 107* — — —
DEAPTES@SBA-15 CO4 — 6.85 x 1072 1.89 1.94 -1.27
0.045 9.80 x 1072 1.83 5.58 -2.65
0.140 5.88 x 107! 1.79 8.22 -3.74
CH,4 — 8.38 x 107* — 0.62 —

0.133 5.39 x 107* — 1.70 —
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Fig. 3. Variation of the average selectivity towards CO, at 25 °C and up to 1000 kPa, and corresponding NMR spectra of samples with adsorbed 3CO, on
APTES@SBA-15 under dry (red lines) and wet (blue lines) conditions. The assignment of the chemical shifts (in ppm) to the corresponding structures was assisted by
DFT calculations on cluster models and the details are given in the references above the structures.

mixtures, in contrast with the observations made with the material
functionalised with the tertiary amine.

The equilibrium phase diagrams (Fig. 5), further corroborate the
main findings already presented in this study: under dry conditions,
APTES@SBA-15 appears to have a higher affinity towards COy than
DEAPTES@SBA-15, whereas under wet conditions the latter appears to
be more selective towards COs. As a practical example, considering an
equimolar CO2/CH4 mixture (y(CHy4) = 0.5), the molar fraction of CO5 in
the adsorbed phase is ca. 89% and 88% for APTES@SBA-15 under dry
and wet conditions, respectively (cf. Fig. 5a), and ca. 83% and 99% for
DEAPTES@SBA-15 under dry and wet conditions, respectively (cf.
Fig. 5b).

The Gibbs energy of the reaction (AG?®) of CO, with the surface
amine groups, calculated using the same level of theory and the cluster
models used to assist the chemical shifts assignment (Table 3), gives
quantitative description on the effect of water in this reaction, namely

on the equilibrium between the gas and adsorbed phase CO». In the case
of primary amines (APTES@SBA-15), the reaction of CO, is already
favourable without the presence of water, even with different amine
environments and final CO5 adducts (AG298 between —4.7 and —43.3
kJemol !, with negative values meaning exothermic reactions). In the
presence of water, the calculations yielded lower AG?*® values (more
favourable reaction) for the comparable amine environments (i.e. same
initial models in cf. Figs. 3 and 4; AG**® between —15.5 and —81.7
kJemol!) indicating an additional stabilisation of the final products by
the water molecules. Thus, for primary amines the water is not changing
the ability of the amines to capture CO; from the gas phase. This is in
good agreement with the adsorption results because no noticeable ef-
fects on the equilibrium curves obtained in dry and humid conditions are
observed. For the tertiary amine (DEAPTES@SBA-15), the reaction of
CO4 is clearly unfavourable (AG?**® = ~230 kJemol 1). The calculations
with this model were challenging because when the CO; is removed
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Fig. 4. Variation of the average selectivity towards CO, at 25 °C and up to
1000 kPa, and corresponding NMR spectra of samples with adsorbed 3CO and
DEAPTES@SBA-15 under dry (red lines) and wet (blue lines) conditions. The
assignment of the chemical shifts (in ppm) to the corresponding structures was
assisted by DFT calculations on cluster models and the details are given in the
references above the structures. The highest amount of pre-adsorbed water
vapour was considered for DEAPTES@SBA-15. The average selectivity was
determined using the data obtained with 0.140 mmoleg ' and 0.133 mmoleg !
of pre-adsorbed water vapour, for the adsorption of CO, and CH,4, respectively
(cf. Fig. 2 and Table 2).

from the initial model, the integrity of the resulting structure is damaged
by decomposition reactions that lead to loss of crystallinity, clearly
supportive of an extremely unstable structure. In contrast, the presence
of water makes the reaction of the tertiary amine with CO3 highly fav-
oured (AG*®® = -24.3 kJemol 1) since the final product of the reaction is
different. As above-mentioned, water also reacts during this process to
produce a bicarbonate species that is stable, as evidenced by NMR.
Encouragingly, the overall results in Table 3 agree with the changes
observed on the phase diagrams for DEAPTES@SBA-15 (Fig. 5b). The
experimental and computational results were obtained at 25 °C, but
industrial application of adsorbent in adsorption columns are normally
subjected to considerable temperature fluctuations, even in PSA opera-
tions, due to the exothermic nature of adsorption. However, the working
temperature of 25 °C is representative of a feed gas temperature; it is
expected that the column temperature should oscillate around this value
during the adsorption/desorption cycles. Thus, the phase diagrams and
calculated energies are a first good indication of the expected behaviour
of the materials in columns.

Considering an initial biogas feed with traces of water, during a first
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cycle of a PSA-type separation using DEAPTES@SBA-15, the relative
amount of water (regarding CO») already present in the feed, would not
be sufficiently high to induce the increase in CO, uptake due to the
formation of bicarbonate. In this case, the competitive adsorption of the
much higher amounts of CO5 in the gas stream would leave fewer active
sites available for the water molecules to bind to [12]. This would
effectively result in a situation analogous to that observed for the
adsorption of CO» under dry conditions. After the first adsorption cycle,
the regeneration of the material (by depressurisation of the adsorption
column) would remove the adsorbed CO- species (and CHy, albeit in a
much lower quantity), leaving the strongly adsorbed water molecules on
the pore surface of the material. From the second separation cycle on-
wards, “pre-adsorbed” water remains on the pore surface of the mate-
rial, and the results would be analogous to those observed under wet
conditions for DEAPTES@SBA-15 in this work, i.e., there would be a
considerable increase in CO, uptake and a tremendous enhancement of
the CO,/CH,4 separation selectivity.

4. Conclusions

Primary- and tertiary-amine-modified mesoporous  silicas
(APTES@SBA-15 and DEAPTES@SBA-15) have been studied for the
adsorption of CO, and CH4 under dry and wet conditions. These
adsorbent materials present a much higher CO5 uptake than CH,4, which
is a good indicator of their potential for CO2/CH4 separation. Under dry
conditions, APTES@SBA-15 has a higher CO; uptake than
DEAPTES@SBA-15, mainly resulting from the type and strength of the
interactions involving primary amines reacting with CO, at the pore
surface. For APTES@SBA-15, results have shown that the presence of
small amounts of pre-adsorbed water (<0.15 mmolog’l) does not
significantly affect the adsorption of CO, and CH4. For DEAPTES@SBA-
15 there is a notable increase in CO5 uptake in the presence of pre-
adsorbed water: the results from the sample with the highest amount
of water (ca. 0.140 mmologfl) are, on average (over the whole pressure
range studied), twice as high as on the dry material. This significant
increase has been attributed to the formation of bicarbonate species
under wet conditions, which is absent in primary amines as evidenced
by NMR spectroscopy. Indeed, the presence of bicarbonate leads to a
significant increase in the selectivity for CO2 in the CO2/CH4 separation
for DEAPTES@SBA-15 (maximum selectivity under dry and wet condi-
tions is, respectively, ca. 5.8 and 208), showing the remarkable effect of
pre-adsorbed water on the separation process using tertiary amines.
Conversely, the presence of small amounts of water in the primary
amine material (APTES@SBA-15) did not significantly change the
selectivity or phase equilibrium in comparison with the dry counterpart.

The different adsorption behaviour between primary and tertiary
amine-grafted adsorbents was correlated with the significant differences
in the NMR spectra of the samples loaded with '3CO, in dry and wet
samples. DFT calculations employing the models that describe the
experimental 13C chemical shifts confirmed that there is a change in the
type of reaction of the tertiary amine under moist conditions (i.e. for-
mation of bicarbonate with water as a reactant). In the case of primary
amines, there is essentially an overall stabilisation of the final products
by the presence of water.

We have shown that the presence of residual amounts of pre-
adsorbed water on the pore surface of silicas functionalised with ter-
tiary amines induces a tremendous effect on the separation of CO, and
CH4 in adsorption-based processes. In a typical biogas stream under-
going purification via PSA-type processes using this type of material, the
low amounts of water present in the feed would not induce any effect on
the separation of CO, and CH4 during the first adsorption cycle, due to
the competitive adsorption of the much higher amounts of CO5. How-
ever, the depressurisation of the column, performed on the first regen-
eration, would not remove the water molecules adsorbed onto the pore
surface, which would potentially lead to the effects observed in the
scope of this work in the ensuing separation cycles.
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adsorption of CO, and CHy, respectively (cf. Fig. 2 and Table 2). y(CH4) and x(CH,) represent the molar fractions of methane in the gas and adsorbed phases,

respectively.

Table 3

Reaction Gibbs energies of CO, with the primary amine (APTES), and tertiary
amine (3-DEPATES) estimated by computational methods (see text and Figs. 3
and 4 for corresponding structures). Note: values marked with * were calculated
using an initial reference structure (without CO2) slightly more stable than
previously reported.

Material AE° AG>® Calculated '°C
chemical shift
kJemol ! kJemol ! ppm
APTES@SBA-15 Dry -51.9 —7.1[10] 160.2 [11]
-33.9 8.9* —5.6 [10] 162.9 [11]
-93.0 —43.3 163.7 [12]
-32.1 9.8* —4.7 [10] 154.0 [11]
Wet —188.5 —-81.7 166.0 [12]
—64.4 —15.5 161.0 [11]
DEAPTES@SBA-15
Dry 151.6 230.2 155.6 [12]
Wet —-73.4 —-24.3 159.9 [12]
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