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Abstract Adsorption of carbon dioxide (CO,) was inves-
tigated on triamine-grafted, pore-expanded MCM-41 meso-
porous silica (TRI-PE-MCM-41). Measurements of adsorp-
tion capacity using mass spectrometry showed an enhanced
CO; adsorption capacity in humid streams compared to dry
CO,. This was corroborated with breakthrough experiments,
which also showed that TRI-PE-MCM-41 offered a practi-
cally infinite selectivity towards CO; over nitrogen. Cyclic
measurements of pure CO, and CO,:N; = 10:90 mix-
ture using different regeneration modes showed that amine-
grafted PE-MCM-41 is particularly suitable for CO; re-
moval using temperature swing adsorption (TSA) at adsorp-
tion temperatures higher than ambient, while temperature-
vacuum swing adsorption (TVSA) may be attractive at am-
bient temperature.

Keywords CO» capture - Adsorption capacity - Adsorption
selectivity - Adsorbent regeneration - TSA - TVSA

1 Introduction

Carbon dioxide (CO») has drawn particular attention for be-
ing the main anthropogenic contributor to climate change.
Gas absorption using alkanolamine solvents is nowadays
the preferred technology used industrially for CO, scrub-
bing. However, this technology is recognized to have sev-
eral drawbacks due to its high demand of energy and the
corrosive nature of the absorbent (Audus 1997; Meisen and
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Shuai 1997; Aaron and Tsouris 2005). Consequently, exten-
sive efforts have been devoted in recent years to the devel-
opment of novel strategies to prevent the release of green-
house gases, particularly CO, into the atmosphere (Yang et
al. 2008a). Compared to other separation technologies, ad-
sorption is recognized as an efficient and economically at-
tractive candidate to complement or replace the current ab-
sorption processes (Aaron and Tsouris 2005). The adsorp-
tion approach is expected to combine high selectivity and
productivity, while offering low energy requirements to re-
generate the solid adsorbent.

An ideal medium for CO; adsorption should combine
different properties including: (i) high CO, dynamic ad-
sorption capacity, (ii) high selectivity toward CO», (iii) low
energy requirements for regeneration, (iv) stability to pro-
longed adsorption-desorption cycling, and (v) tolerance to
the presence of moisture. Inspired by liquid amine scrubbing
technology, a number of research groups developed solid-
supported amines as adsorbents for CO, separation (Bir-
bara et al. 2002; Gray et al. 2007; Harlick and Sayari 2007;
Jones et al. 2007; Olah et al. 2008). However, the effect of
various conditions relevant to industrial applications, such as
the presence of humidity in the feed stream and the stabil-
ity of the adsorbent through repetitive adsorption-desorption
cycles are yet to be investigated.

In this paper, the adsorption of CO; on amine-grafted
mesoporous silica type MCM-41 with enlarged pores was
investigated at equilibrium and under dynamic conditions
in dry and humid streams. The behavior of the adsorbent
through various adsorption-desorption cycles was also mon-
itored, and the effects of adsorption temperature (7 »), des-
orption temperature (7p) and desorption pressure (Pp)
were studied.
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2 Experimental
2.1 Materials

Cab-0O-Sil M-5 fumed silica from Cabot was used as the
silica source. Cetyltrimethylammonium bromide (CTAB,
Aldrich) and tetramethyl ammonium hydroxide (TMAOH
25%, balance water, Aldrich) were used as structure direct-
ing agent and for pH adjustment, respectively. The post-
synthesis pore expander agent was dimethyldecylamine
(DMDA 97% purity, Aldrich). The grafting agent, obtained
from Sigma-Aldrich, was 2-[2-(3-trimethoxysilylpropyla-
mino)ethylaminoJethylamine (herein referred to as TRI-
silane). Ultra high purity grade nitrogen, CO; grade 4 purity,
and certified gas mixtures of CO, balance N, were supplied
by Linde Canada. All reagents and gases were used without
further purification.

2.2 Synthesis of mesoporous adsorbent
(TRI-PE-MCM-41)

The pore-expanded mesoporous support was prepared in
two steps based on a procedure described elsewhere (Sayari
et al. 1998; Kruk et al. 2000). Briefly, MCM-41 type silica
was synthesized at 100 °C using CTAB as structure directing
agent in the presence of TMAOH. A pore expansion proce-
dure followed, using DMDA as swelling agent at 120 °C for
3 days (Sayari et al. 1999, 1998; Serna-Guerrero and Sayari
2007). The surfactant template and expander agent were re-
moved by heating the material at 550 °C under flowing ni-
trogen followed by calcination in air for 5 h at the same tem-
perature. The obtained product was labeled PE-MCM-41.

Incorporation of the amine functionality was achieved
via surface grafting following a procedure described else-
where (Harlick and Sayari 2007). A sample of PE-MCM-41
was loaded into a multi-neck glass flask containing 150 mL
of toluene. Once a homogeneous mixture was produced,
0.3 mL per gram of PE-MCM-41 of distilled deionized wa-
ter was added and left stirring for at least 30 min. The glass
flask was then submerged in a silicon oil bath set at 85 °C
using a temperature controlled stirring hotplate with an ex-
ternal temperature probe. TRI-silane (3 mL per gram of sil-
ica) was subsequently added to the mixture and left stirring
for 16 h. The material was filtered and washed with copi-
ous amounts of toluene, then pentane. Finally, the recovered
solid was dried at 100 °C in a natural convection oven for
1 h and was labeled TRI-PE-MCM-41.

2.3 Characterization
The structural properties of PE-MCM-41 and TRI-PE-

MCM-41 were determined by nitrogen adsorption at 77 K
using a Micromeritics ASAP 2020 volumetric apparatus.
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Prior to measurements, the samples were degassed under
vacuum at 150 °C for 5 hours. The surface area was de-
termined by the BET method, whereas the pore size dis-
tribution was calculated using the Kruk-Jaroniec-Sayari
(KJS) approach (Kruk et al. 1997). The pore volume was
determined as the amount of liquid nitrogen adsorbed at
P/ Py = ca. 1. The organic content in the sample was mea-
sured by thermogravimetric analysis (TGA) on a TA Instru-
ments Q-500 apparatus under flowing nitrogen using a heat-
ing ramp of 10°Cmin~"! up to 800 °C, followed by com-
plete combustion of the organic material under air at the
same heating rate up to 1000 °C. Only the weight loss above
200 °C was considered as propylamine loss (Harlick and Sa-
yari 2007).

Single gas adsorption equilibrium measurements for CO;
were performed using a Rubotherm gravimetric-densimetric
apparatus (Bochum, Germany). More details about this ex-
perimental set-up and procedure may be found elsewhere
(Belmabkhout and Sayari 2009). Briefly, the materials stud-
ied (MCM-41, PE-MCM-41 and TRI-PE-MCM-41) were
activated at 423 K under vacuum (5 x 10~% mbar) for at least
2 h. The temperature was subsequently reduced to ambient
and the sample placed in contact with CO; under the desired
pressure. Equilibration time was allowed until no significant
change in the weight of the sample recorded by the Ruboth-
erm microbalance was observed.

2.4 Adsorption in humid streams

Two different approaches were used to study the per-
formance of TRI-PE-MCM-41 in the presence of humid
streams: measurements at equilibrium and measurements
under dynamic conditions.

The CO; adsorption capacity at equilibrium was mea-
sured using the above-mentioned TGA instrument coupled
with a Pfeiffer Thermostar mass spectrometer. The exper-
imental procedure for this analysis involved the following
steps: (i) activation of the adsorbent, (ii) adsorption of CO»,
(iii) temperature programmed desorption (TPD) of CO; and
(iv) decomposition of the organic layer of the adsorbent to
determine the actual amine content of the sample. A sample
of TRI-PE-MCM-41 of ca. 30 mg was placed in the mea-
surement pan of the TGA and pretreated under flowing Nj
at 150°C since it has been demonstrated that the grafted
amine species are stable up to 250 °C (Harlick and Sayari
2007) and any CO; and moisture adsorbed from ambient air
desorbs below 140 °C (Khatri et al. 2006). In addition, non-
hydrolyzed methoxy groups are also removed during the ac-
tivation step (Harlick and Sayari 2007). After pretreatment,
the temperature was decreased to 25 °C and the gas stream
switched to a mixture containing 5% CO; balance N». To
control the relative humidity (RH) in the stream, the mix-
ture of CO; in Ny was bubbled through a glass saturator
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Fig. 1 Schematic
representation of the
experimental setup used for
adsorption measurements

5% CO,
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containing distilled deionized water in a temperature con-
trolled cooling bath before entering the measurement cham-
ber of the TGA, as shown in Fig. 1. The flow of CO, mixture
continued for at least 16 h to ensure that equilibrium was at-
tained. The organic content in the sample was obtained by
thermal decomposition as described above.

To properly quantify the amount of CO, adsorbed, par-
ticularly in the presence of moisture, a method using mass
spectrometry (MS) was used (Serna-Guerrero et al. 2008),
as it has been suspected that the commonly used gravimetric
analysis may underestimate the CO;, uptake. The MS was
calibrated using different amounts of CO, obtained by de-
composition of known quantities of high purity CaCO3 un-
der flowing nitrogen at a heating rate of 10°Cmin~! in the
TGA instrument. A blank experiment was used for baseline
correction. Simultaneous TGA measurements allowed pre-
cise determination of the amounts of CO; released. The es-
tablished linear relationship between the area of the 44 amu
MS signal after baseline correction and the amount of CO;
was used to quantify the CO; released from the adsorbent
during temperature programmed desorption (TPD).

In addition, breakthrough measurements were performed
using the experimental set-up shown in Fig. 2 to investigate
the behavior of TRI-PE-MCM-41 in dynamic conditions.
Line “A” is used to feed an inert gas, most commonly ni-
trogen, to activate the sample before each experiment, while
line “B” feeds a mixture of 5% CQO, balance N,. The stain-
less steel column used has 120 mm in length and 6.4 mm
of inner diameter. The column effluent was monitored using
a Pfeiffer Thermostar® mass spectrometer, whose detection
limit for CO, was estimated to be below 10 ppm. In a typ-
ical experiment, the adsorbent was treated at 120 °C for 2
hours under a nitrogen flow of 50 mL min~', then cooled
to room temperature, finally switching the feed gas to the
mixture containing CO; at the same flow rate. The level of
humidity was controlled in a similar manner as described for
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Fig. 2 Experimental setup for dynamic adsorption measurements

equilibrium measurements using distilled-deionized water
in a glass saturator submerged in a temperature-controlled
cooling bath. The complete breakthrough of CO; and other
species was indicated by the downstream gas composition
reaching that of the feed gas.

The adsorption capacity was estimated from the break-
through curves produced by the MS response using the fol-
lowing equation:

FCoity;

W ey

Nadsi =
where n,qsi is the dynamic adsorption capacity of any gas i,
F is the total molar flow, C; is the concentration of the gas
i entering the column, W is the mass of adsorbent loaded in
the column, and #,,; is the stoichiometric time corresponding
to gas i, which is estimated from the breakthrough profile
according to (2) (Claudino et al. 2004):

! CAi)
Ini = 1— dt (2)
/0 ( Co;
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Table 1 Cyclic : .
adsorption-desorption Configuration Conditions
configurations Adsorption Desorption Adsorption Desorption
temperature temperature pressure (bar) pressure (bar)
) O
a 25 75 1 1
b 25 75 1 0.1
c 50 120 1 1
d 50 120 1 0.1
e 70 150 1 1
f 70 150 1 0.1

where Cp; and C4; are the concentrations of any gas i up-
stream and downstream the column, respectively.

2.5 Adsorption-desorption cycles

To assess the stability of the adsorbent, adsorption-desorp-
tion cyclic measurements were carried out on TRI-PE-
MCM-41 at different conditions using temperature swing
adsorption (TSA) and temperature vacuum swing adsorption
(TVSA) configurations. Because the adsorption-desorption
operating conditions may change from one application to
another and may depend on the nature of the feedstock,
six adsorption-desorption configurations were selected, as
shown in Table 1, and were studied using pure CO; and a
CO7:Ny = 10:90 mixture.

For example, configuration a represents a typical TSA,
as desorption occurs under atmospheric pressure and 75 °C
under purge gas flowing at 50 mL min~!, whereas configu-
ration b is a TVSA since regeneration is performed under
vacuum (i.e., Pp = 0.1 bar). The experimental procedure
was as follows: a sample of ca. 1 g of TRI-PE-MCM-41 was
loaded in the Rubotherm apparatus and was exposed to UHP
nitrogen at 50 mL min~! for 30 min at 75, 120 or 150°C,
either under atmospheric pressure for TSA experiments or
under vacuum (0.1 bar) for TVSA measurements. Subse-
quently, the sample was cooled down to 25, 50, or 70 °C
at isobaric conditions and the feed gas was switched to ei-
ther pure CO;, or CO,:N; = 10:90 mixture at 50 mL min~!.
The working adsorption capacity (non-equilibrium) was as-
sumed to be the weight gain of the sample after 30 min expo-
sure. This procedure (i.e., regeneration and CO, adsorption)
was repeated over 10 cycles for the six sets of adsorption-
desorption conditions.

3 Results and discussion
3.1 Characterization

The structural properties of MCM-41, PE-MCM-41, and
TRI-PE-MCM-41 as determined by nitrogen adsorption
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Table 2 Structural properties of mesoporous materials determined by
nitrogen adsorption

Materials SBET (m2 /2) Vi (cm3 /2) dp (nm)
MCM-41 1490 0.99 3.3
PE-MCM-41 1230 3.09 11.7
TRI-PE-MCM-41 367 0.87 9.4

measurements are shown in Table 2. As can be seen, the
post-synthesized hydrothermal treatment of MCM-41 af-
forded a material with significantly larger pore size and
volume without loss in surface area (Spgr). The pore-
expanded support exhibited a mean pore diameter (d),) of
11.7 nm and a Sggr of 1230 m? g~!. After grafting, the
mean pore size decreased to 9.4 nm. TRI-PE-MCM-41
maintained a relatively large surface area (ca. 367 m? g~!)
and pore volume (ca. 0.87 cm®g~!). The typical amine
loading of TRI-PE-MCM-41 determined by TGA was
7.9 mmol g~!. The widely open pore structure of surface-
modified PE-MCM-41 has been associated with the efficient
use of internal functional groups (Harlick and Sayari 2007;
Reynhardt et al. 2005).

Figure 3 shows the CO; adsorption isotherms for MCM-
41, PE-MCM-41 and TRI-PE-MCM-41 materials at 298 K
and up to 1 bar. Within the range of CO, pressure studied,
no significant difference in CO, capacity was observed as
a result of the hydrothermal pore-expansion of MCM-41.
However, functionalization of the mesoporous silica had a
strong impact on the performance of the adsorbent, partic-
ularly at very low CO; partial pressure. Indeed, TRI-PE-
MCM-41 exhibited a high CO, uptake in the low concen-
tration range, as a result of the interaction of CO, with the
surface amine sites. The adsorption capacity at 5% of dry
CO, was 2.05 mmol g_1 for TRI-PE-MCM-41, while at the
same concentration the capacity exhibited by MCM-41 and
PE-MCM-41 was only ca. 0.1 mmolg~".
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3.2 Humid CO; adsorption

The 44 amu signals recorded by MS during TPD of CO,
adsorbed on TRI-PE-MCM-41 in the presence of differ-
ent moisture contents are presented in Fig. 4. In a previ-
ous work (Serna-Guerrero et al. 2008), it was demonstrated
that gravimetric analysis often underestimates the CO; up-
take by amine functionalized materials in humid streams.
Thus, to properly assess the influence of moisture on the
adsorption of CO, on TRI-PE-MCM-41, mass spectrome-
try was used in this work. The amount of adsorbed CO;
was found to increase with the concentration of moisture
in the feed stream. The CO, adsorption capacity was 2.12,
2.44 and 2.51 molg~! for 0, 27 and 74% relative humid-
ity (RH), respectively. Enhancement of CO; adsorption ca-
pacity in wet streams may be explained on the basis of
the generally accepted reaction mechanisms between CO;

Temperature (°C)

and amines, i.e., formation of carbamate (CO,/N = 0.5)
under dry conditions and partial formation of bicarbonate
(CO2/N = 1) in the presence of moisture. Interestingly, this
is the first time that the promoting effect of moisture is ob-
served directly by mass spectrometry on mesoporous silica
grafted with organic molecules containing primary and sec-
ondary amine groups.

It is worth mentioning that in dry conditions, the CO; to
amine ratio (CO;/N) in the case of TRI-PE-MCM-41 was
ca. 0.27, a lower value than that observed during the forma-
tion of carbamate species on grafted primary monoamines,
i.e., 0.5 (Serna-Guerrero et al. 2008). A possible explana-
tion to the lower values of CO,/N ratio in this case can
be found in the works of da Silva et al. (2006) and Kim et
al. (2007) where the most stable carbamate species formed
between CO» and various liquid amine molecules were de-
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Fig. 5 Breakthrough curves of

CO; (5% balance N3) on 1
TRI-PE-MCM-41 under dry and

humid conditions
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C,/C,
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termined. According to such studies, when more than one
amine group is present in the molecule, the CO, forms car-
bamate with two amine groups that are in close proximity
from each other, but it also forms hydrogen bonds with ad-
jacent secondary amines. Thus, for the tri-amine molecule in
TRI-PE-MCM-41 two amine groups would react with CO»
to form carbamate, while the third amine would be inhib-
ited to react further due to the formation of hydrogen bonds,
resulting in a CO, /N ratio of 0.33, a value close to that ob-
served in our adsorbent at dry conditions. With respect to
the interaction with humid streams, unlike physical adsor-
bents, the adsorption capacity of TRI-PE-MCM-41 is not
hindered by the presence of moisture and, on the contrary, it
was improved in ca. 15% with respect to dry streams. The
increase in adsorption capacity in the presence of moisture
is attributed to the partial formation of bicarbonate species.
With respect to adsorption in packed bed columns, Fig. 5
shows the breakthrough curves of CO» at a concentration of
5% balance N, under dry conditions and in the presence of
27% RH. As seen, N appears in the column downstream
almost immediately after the process has started, indicating
a very small adsorption capacity for Nj, if any. Within an
accuracy of 10 ppm, no CO, was detected downstream the
column up to ca. 250 s, demonstrating the high efficiency
of TRI-PE-MCM-41 to separate CO,. The breakthrough of
CO, was steep and the complete saturation corresponded
to a CO, adsorption capacity of 1.90 = 0.19 mmol/g. The
CO; dynamic adsorption capacity is in good agreement with
the gravimetric equilibrium capacity (2.05 mmol g~!) at the
same partial pressure, as reported in Fig. 3. From these re-
sults, it is concluded that the selectivity of CO, over Ny is
very high, approaching an infinite value. It is worth men-
tioning that the selectivity of TRI-PE-MCM-41 toward CO;
versus N> is considerably higher than that exhibited by other
typical CO; adsorbents like zeolites (Cavenati et al. 2004),
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activated carbon (Dreisbach et al. 1999) or MOFs (Yang et
al. 2008b), and even other amine-grafted adsorbents such
as polyethylenimine-containing MCM-41 silica (Xu et al.
2003) and 3-aminopropyltriethoxysilane-grafted MCM-48
(Kim et al. 2005). Figure 5 shows that the breakthrough pro-
file of CO; is not affected negatively under humid streams
demonstrating that, although a significant uptake of water
was observed, TRI-PE-MCM-41 is highly tolerant to mois-
ture when removing CO,.

3.3 Cyclic measurements

Figure 6 shows the cyclic adsorption measurements for
pure CO, and CO2:N; = 10:90 mixture using TSA and
TVSA configurations a and b, respectively. The adsorp-
tion capacity was stable over the ten cycles for these
adsorption-desorption configurations for both pure CO; and
CO7:Ny = 10:90 mixture. Using adsorption at 25 °C and
desorption at 75 °C, the adsorption capacity using TVSA
was ca. 21% and ca. 35% higher than TSA for pure CO,
and CO;:N3 = 10:90 mixture, respectively. The adsorption
capacity of CO,:N» = 10:90 mixture was ca. 40% lower
than pure CO; using TSA configuration, but this difference
was only ca. 28% in the TVSA configuration. This clearly
shows that TVSA configuration is associated with better per-
formances than TSA when adsorption and desorption are
performed at relatively low temperature.

Figure 7 shows the cyclic adsorption measurements for
pure CO, and CO3:N; = 10:90 mixture using TSA and
TVSA configurations ¢ and d, respectively. The adsorption
capacity was once again stable over the ten cycles for the
two adsorption-desorption configurations for both pure CO,
and CO7:Nj = 10:90 mixture. Using adsorption at 50 °C and
desorption at 120 °C, the adsorption capacity using either
TSA or TVSA was similar. It is important to notice that, al-
though the T4 in configurations ¢ and d was higher than that
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in configurations a and b, in terms of adsorption capacity,
configurations ¢ and d outperformed largely configurations
a and b. This may be due to the higher Tp (120 °C) used
in configurations ¢ and d, showing that improved working
adsorption capacity can be obtained at temperatures higher
than ambient if the appropriate regeneration conditions are
met.

Figure 8 shows the cyclic adsorption measurements for
pure CO, and CO2:Np = 10:90 mixture using TSA and
TVSA configurations e and f, respectively. Using adsorp-
tion at 70 °C and desorption at 150 °C, the working adsorp-
tion capacity using TVSA was ca. 15% higher than TSA in
the case of pure CO; but identical in the presence of CO2:Nj
= 10:90 mixture. The average difference between the work-
ing adsorption capacity of CO2:Np = 10:90 and pure CO;
was only ca. 20% in the case of TSA vs. ca. 30% in the
TVSA case. However, configurations e and f exhibited the
lowest working CO, adsorption capacity. Additionally, and

unlike configurations a, b, ¢ and d, a steady decrease of
working adsorption capacity was observed over the ten cy-
cles for both pure CO; and CO;:N; = 10:90 mixture, esti-
mated on ca. 10% between cycles. This suggests that 150 °C
is not appropriate as desorption temperature for TRI-PE-
MCM-41.

Figures 6, 7 and 8 show clearly that triamine surface-
modified pore-expanded MCM-41 mesoporous silica ex-
hibit different working CO; capture performances depend-
ing on the regeneration mode used (TSA or TVSA), Ta
and Tp. The best CO, removal performance observed for
TVSA was configuration b while for TSA it was configura-
tion c.

4 Conclusions

This work shows a broad picture of key CO, adsorption
properties of amine-grafted pore-expanded mesoporous sil-
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Fig. 8 Adsorption cycles using 12

TSA and TVSA regeneration
configurations e and f for pure
CO, and CO,:N, = 10:90 104 _
mixture

CO: uptake (Wt%)
[=1]

ica. Adsorption experiments using a packed bed column
showed that it is possible to produce high purity gases over
TRI-PE-MCM-41 with an efficient use of the column, as in-
dicated by the steep shape of the breakthrough curve. It was
demonstrated that, unlike most physical adsorbents, the CO;
adsorption capacity of TRI-PE-MCM-41 is improved in the
presence of moisture while maintaining an infinite selectiv-
ity towards CO versus N». Adsorption-desorption cyclic
measurements using pure CO, and CO7:Ny = 10:90 mix-
ture showed that TRI-PE-MCM-41 exhibits excellent stabil-
ity up to Tp = 120 °C. It was shown that an appropriate set
of regeneration conditions for TRI-PE-MCM-41 depends on
the temperature of adsorption, specific to each intended ap-
plication. Indeed, TRI-PE-MCM-41 could be used to treat
gas streams at temperatures higher than ambient if the ap-
propriate regeneration conditions are met. For CO, removal
at ambient temperature, for example, temperature-vacuum
swing adsorption resulted in a better adsorption working ca-
pacity, while at higher T4, temperature swing adsorption ap-
pears to be a suitable approach.
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