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Abstract Adsorption of CO;, N,, CHy and H; on triamine-
grafted pore-expanded MCM-41 mesoporous silica (TRI-
PE-MCM-41) was investigated at room temperature in a
wide range of pressure (up to 25 bar) using gravimetric mea-
surements. The material was found to exhibit high affin-
ity toward CO;, in comparison to the other species over
the whole range of pressure. Column-breakthrough dynamic
measurements of CO;-containing mixtures showed very
high selectivity toward CO;, over N, CH4 and H, at CO,
concentrations within the range of 5 to 50%. These condi-
tions are suitable for effective removal of CO; at room tem-
perature from syngas, flue gas and biogas using temperature
swing (TS) or temperature-pressure swing (TPS) regener-
ation mode. Moreover, TRI-PE-MCM-41 was found to be
highly stable over hundreds of adsorption-desorption cycles
using TPS as regeneration mode.

Keywords Adsorption - CO; adsorption - CO; adsorption
selectivity - CO; separation - CO; removal

1 Introduction

The greenhouse gas emission in the world increased con-

siderably, due mostly to the combustion of fossil fuels for
power generation and transportation (Thambimuthu 2002).
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Although the transition toward more sustainable energy
sources is urgently needed for environmental sustainability,
fossil fuels are likely to remain the dominant energy sup-
ply for the foreseeable future. Therefore, reduction of CO,
emissions into the atmosphere through capture and seques-
tration, as well as increased use of low or zero CO; emis-
sion energy sources like biomethane and other renewable
forms of energy, are recognized as major strategies to ad-
dress global warming.

Gas absorption using alkanolamine solutions is the most
common technology for CO;, scrubbing from large point
sources. However, this technology is highly energy intensive
and associated with severe corrosion problems (Audus 1997;
Meisen and Shuai 1997; Aaron and Tsouris 2005). In con-
trast, adsorption is recognized to be an attractive alter-
native for CO, removal due to its lower energy require-
ments (Aaron and Tsouris 2005). Numerous CO, adsorbents
like zeolites (Cavenati et al. 2005; Konduru et al. 2007,
Brandani and Ruthven 2004; Bonenfant et al. 2008) and car-
bons (Himeno et al. 2005) are used commercially for the
removal of CO,. In addition, considerable research effort
has been made in recent years to develop novel CO, adsor-
bents like basic oxides (Feng et al. 2007; Wang et al. 2008;
Lee et al. 2008; Symonds et al. 2009), metal-organic frame-
works (MOFs) (Millward and Yaghi 2005; Llewellyn et al.
2006, 2008; Yang et al. 2008; Arstad et al. 2008), organo-
silicas and surface-modified silicas (Zelenak et al. 2008;
Harlick and Sayari 2006, 2007; Hicks et al. 2008; Chaffee
et al. 2007; Gray et al. 2005; Yue et al. 2008; Belmabkhout
and Sayari 2009a; Serna-Guerrero et al. 2008; Chang et al.
2009). The purpose of this endeavor was to develop compet-
itive materials with suitable adsorption capacity and excel-
lent selectivity toward CO, versus other gases such as N,
CH4 and H». In earlier contributions (Harlick and Sayari
2007; Belmabkhout and Sayari 2009a), our group showed
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that triamine-modified pore-expanded MCM-41 silica (TRI-
PE-MCM-41) adsorbent exhibits promising properties in
terms of CO, uptake, rate of adsorption and CO,/N; mo-
lar selectivity ratio over a wide range of pressure. More-
over, this material was found to be completely regenerable,
thermally stable and tolerant to moisture-containing feeds.
In another report (Belmabkhout et al. 2010) dealing with
CO; adsorption at low partial pressure (<5%), we showed
that TRI-PE-MCM-41 exhibits high CO, adsorption capac-
ity and CO; selectivity over N, O, CHy and H», suitable
for different gas purification applications. The current work
is devoted to the adsorptive properties of TRI-PE-MCM-41
in the presence of mixtures containing high concentration
of CO,, typically from 5 to 50%. Single component adsorp-
tion of Np, CH4 and Hy on TRI-PE-MCM-41 was investi-
gated at ambient temperature and at pressures up to 25 bar.
Dynamic column-breakthrough experiments of CO; in bi-
nary mixtures with compositions typical of flue gas, biogas
and syngas, was investigated. To evaluate the stability of the
material during prolonged operation, extensive adsorption-
desorption cycling was carried out. The potential of using
TRI-PE-MCM-41 for CO; separation in CO;-rich mixtures
was demonstrated.

2 Experimental
2.1 Materials

The detailed preparation procedure and structural charac-
teristics of TRI-PE-MCM-41 were reported in earlier con-
tributions (Harlick and Sayari 2007; Belmabkhout and Sa-
yari 2009a). A brief description of the procedure is provided
in the Supporting Information. The surface area, pore vol-
ume and pore diameter of TRI-PE-MCM-41 as calculated
from nitrogen adsorption data were 367 m?/g, 0.87 cm>/g,
9.4 nm, respectively. The adsorption-desorption isotherm of
nitrogen on TRI-PE-MCM-41 at 77 K is shown in Fig. S1
(Electronic supplementary material (ESM)).

Carbon dioxide (99.99%), nitrogen (99.999%), helium
(99.999), carbon dioxide (0.1; 1; 10; 20%) in nitrogen,
methane (99.999%) and hydrogen (99.999%) were supplied
by BOC Canada.

2.2 Single component adsorption measurements

As described in Supporting Information, adsorption equilib-
rium measurements for pure CO», N», CH4 and Hy were
performed using a Rubotherm gravimetric-densimetric ap-
paratus (Bochum, Germany). Further details about this ex-
perimental set-up and procedure may be found elsewhere
(Belmabkhout and Sayari 2009b).
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2.3 Column-breakthrough measurements of
CO;-containing binary mixtures

The experimental set-up and procedure used for dynamic
column-breakthrough measurements were described earlier
(Belmabkhout et al. 2010). Details may be found in Support-
ing Information. The selectivity of CO; over species i in the
binary mixture of CO, and species i was determined using
the following equation:

XCO, /%
Yo,/ Vi

Sco,/i =

where x and y represent the composition of the adsorbed
phase and the gas phase, respectively. The experimental rel-
ative error estimated from replicate measurements of CO;
adsorption capacity was ca. 10%.

3 Results and discussion

3.1 Adsorption of single gases

The adsorption isotherms of CO;, N, CH4 and Hy onto
TRI-PE-MCM-41 at 298 K up to 25 bar are shown in Fig. 1.
At the same pressure, the material exhibited very small N>,
H> and CH4 adsorption capacity compared to CO» in the
same pressure conditions. Nevertheless, the adsorption up-
take of CHy was slightly higher than N and Hj. It is impor-
tant to notice that such small uptakes of Ny, Hy and CH4 at
high pressure are associated with a relative error of ca. 25—
50%. It is thus inferred that TRI-PE-MCM-41 has a strong
preferential CO, adsorption compared to the other gases in
a wide range of pressure.
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Fig. 1 Adsorption isotherms for CO;, (Belmabkhout et al. 2010) N»,
CHy and H; (right axis) up to 25 bar at 298 K .
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3.2 Column-breakthrough adsorption measurements for
CO;-containing binary mixtures

To evaluate the competition between adsorption of CO; and
other gaseous species on TRI-PE-MCM-41 under realistic
conditions of gas composition, column-breakthrough exper-
iments were carried out using mixtures of CO, with Nj,
CH4 and H, with compositions akin to a number of indus-
trial gases.

3.2.1 CO>-N> mixture representative of flue gas

The typical CO; concentration in flue gas generated in fos-
sil fuel power plants is typically in the range of 5-20%.
Therefore, before CO, can be sequestered and stored, it
must be concentrated using effective separation methods.
Figure 2 shows the breakthrough curves of N> and CO; in
the presence of CO7:N; = 20:80 mixture at 298 K and a to-
tal pressure of 1 bar using a column containing 0.92 g of
TRI-PE-MCM-41 (40-60 mesh particles) and a total flow
of 150 mL/min. As seen, Ny appears in the column down-
stream immediately after the process has started, indicating
a very small adsorption capacity for N», if any. No CO,
was detected downstream the column up to 95 s. The break-
through of CO, was steep and the complete saturation of
the packed column occurred at 200 s, corresponding to a
CO; adsorption capacity of 2.42 +0.24 mmol/g, in good
agreement with the gravimetric capacity (2.30 mmol/g) at
the same partial pressure, as reported in Fig. 3. Based on
Figs. 1 and 2, it is inferred that the selectivity toward CO
over Ny is very high, approaching infinite value. As shown
in Table 1, TRI-PE-MCM-41 exhibits very high selectivity
toward CO, versus Nj in comparison to other CO, adsor-
bents like zeolites, activated carbon and MOFs.

1 10 100
t(s)

Fig. 2 Column-breakthrough curves for CO2:N, = 20:80 mixture at
298 K and 1 bar over TRI-PE-MCM-41

3.2.2 CO>-CH4 mixture representative of biogas

Biogas is a methane-rich gas mixture that can be used for
power generation or transportation fuel. The CO, concentra-
tion in biogas varies considerably and may reach up to 50%.
Therefore, the removal of CO, using an effective separation
technology is needed to generate biomethane that meets the
specifications for injection in the natural gas grid or for use
as vehicle fuel. Figure 3 shows the breakthrough profile for
CH4 and CO3, in the presence of CO,:CHy = 50:50 mixture
at 298 K and a total pressure of 1 bar on 1.05 g of TRI-
PE-MCM-41 and a total flow of 100 mL/min. Methane ap-
peared in the column downstream as fast as non-adsorbing
helium indicating that the adsorption capacity for CHy is
very small, if any. However, no CO, was detected up to 85 s.
The breakthrough of CO;, was abrupt and the complete satu-
ration of the packed column occurred at ca. 300 s, represent-
ing a CO; adsorption capacity of 2.87 &= 0.28 mmol/g. This
finding is in good agreement with the gravimetric capacity
of 2.6 mmol/g obtained at the same partial pressure (Fig. 1).
Consistent with data in Fig. 1, Fig. 3 shows that the selectiv-
ity of CO; over CHy is very high approaching infinite value.
As shown in Table 2, TRI-PE-MCM-41 exhibited one of the
highest selectivities toward CO» in equimolar mixture with
methane, in comparison to other CO, adsorbents. No selec-
tivity for CO, over CH4 on amine containing silica is avail-
able in the literature. Although it was reported that amino-
MIL-53 exhibits high selectivity for CO,:CHy = 50:50 mix-
ture, the CO, adsorption capacity at room temperature and
1 bar was small (0.83 mmol/g) in comparison to TRI-PE-
MCM-41 (Couck et al. 2009).

3.2.3 CO>-H, mixture representative of syngas
Hydrogen is commonly produced by steam reforming

of methane followed by water-gas shift. The resulting
hydrogen-rich gas contains, after CO removal, 15-30%
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Fig. 3 Column-breakthrough curve for a CO2:CH4 = 50:50 mixture
at 298 K and 1 bar over TRI-PE-MCM-41
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Table 1 CO,/N; selectivity for

different materials at room Materials CO, concentration/% CO3 vs. Ny selectivity Reference
temperature and high CO,
concentration 13X 50 23 Cavenati et al. 2005

NoritAC 20 14 Dreisbach et al. 1999

Cu-BTC?* (MOF) 14.9 20 Yang et al. 2007

MCM-41 20 12 Belmabkhout and Sayari 2009b
“Copper(D) MCM-41-PEI? 4 >1000 Xu et al. 2003, 2005
benzene-1,3,5-tricarboxylate APSSMCM48 50 ~100 Kim et al. 2005

polyethylenimine TRIPE-MCM41 20 ~oo This work

“aminopropyltriethoxysilane

Table 2 CO,/CHy4 selectivity

for different materials at room Materials CO; concentration/% CO; vs. CHy selectivity ~ Reference
temperature at high CO;
concentration 13X 50 16 Cavenati et al. 2005
NoritAC 57.4 3 Dreisbach et al. 1999
Cu-BTC?* (MOF) 50 6 Yang and Zhong 2006
Carborane MOF 50 17 Bae et al. 2008
Amino-MIL 53 50 00 Couck et al. 2009
MCM-41 50 5 Belmabkhout and Sayari 2009b
“Copper(II) TRI-PE-MCM-41 50 ~00 This work

benzene-1,3,5-tricarboxylate

CO,, which has to be removed. In recent years, tens of
patents were issued on the efficient recovery of high purity
H; using adsorption processes (Sircar and Golden 2000),
and considerable effort was made to develop new adsorbents
or to modify existing ones in order to increase the primary
(H») and secondary (CO;) product recovery while maintain-
ing their high purity (Sircar and Golden 2000). It became a
common practice to use more than one type of adsorbents in
these processes in order to obtain optimum adsorption ca-
pacity and selectivity for the impurities while reducing the
co-adsorption of Hy and improving desorption efficiency
(Sircar and Golden 2000). PSA is the most common indus-
trial process for hydrogen purification. The efficiency of the
process rests on the selective removal of all the impurities
contained in syngas i.e., CO,, CH4, CO, H;0. Because of
the deleterious effect of moisture on most industrial CO, ad-
sorbents, the feed stream is dried beforehand. The adsorbent
bed consists of a layer of activated carbon which adsorbs
CO,, followed by a layer of zeolite SA for adsorption of CO
and CHy4. The main drawback of this process is the hydro-
gen loss during desorption due mainly to adsorption of Hj
and low selectivity toward CO,. With hydrogen yield rang-
ing between 75% and 85%, significant amounts of hydrogen
are wasted. Recovery of hydrogen in the exhaust stream is
generally not attractive because of its low partial pressure.
Consequently, these waste gases are rather combusted to re-
cover heat (Sircar and Golden 2000).

One way of improving the yield of H, while maintaining
high purity is to use a highly selective CO; adsorbent like
TRI-PE-MCM-41 to separate exclusively CO; using a PSA,
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TSA or PTSA process as shown in Fig. 4. This proposed
process uses a single layer of TRI-PE-MCM-41 without any
prior drying of the gas feed. After further drying if neces-
sary, the gas stream, now free of CO; and moisture, is con-
tacted with a zeolite adsorbent for the effective removal of
other impurities, e.g., CO and CHy4, leading to pure hydro-
gen. The collected CO may undergo methanation, and all the
separated methane may be recycled into the steam reform-
ing feedstock for the production of hydrogen or used as fuel
for the reforming process.

Figure 5 shows the breakthrough curves of H, and CO;
in the presence of CO»:Hy = 20:80 mixture at 298 K and
1 bar on 0.98 g of TRI-PE-MCM-41 and a total flow of
100 mL/min. Hydrogen appeared in the column downstream
immediately after the process has started, whereas CO, was
detected at 198 s. The CO, concentration in the effluent
reached 80% of the inlet CO, concentration in seconds fol-
lowed by gradual increase until complete saturation of the
packed column at 313 s. This corresponds to a dynamic CO,
adsorption capacity of 2.05 £ 0.2 mmol/g, in fair agreement
with the gravimetric capacity of 2.30 mmol/g obtained at
the same partial pressure, as shown in Fig. 3. Both Figs. 1
and 5 indicate that the selectivity of CO; over Hj is very
high. Literature data on CO,/H; adsorption selectivity are
very scarce. As shown in Table 3, TRI-PE-MCM-41 exhibits
much higher affinity to CO, vs. H, than other CO; adsor-
bents.

In summary, under the current conditions, H,, CH4 and
N, behave essentially as non adsorbing gases, leading to
practically infinitely high selectivity toward CO;. Such a
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Table 3 CO,/H; selectivity for - - .
different materials at room Materials CO, concentration/% CO; vs. Hy selectivity Reference
temperature
NaA 1.4 70 Akten et al. 2003
Activated carbon 12.5 47 Cao and Wu 2005
Cu-BTC?* (MOFs) 50 60 Yang and Zhong 2006
MCM-41 20 32 Belmabkhout and Sayari 2009b
Copper(Il) TRI-PE-MCM-41 20 ~oo This work

benzene-1,3,5-tricarboxylate

Fig. 4 Proposed approach for
the production of high purity
hydrogen using highly selective
TRI-PE-MCM-41 CO,
adsorbent

Dryer

To compression Hz0, CO2

and storage

co,—>

1 10 100

t(s)

Fig. 5 Column-breakthrough curves for CO,:Hy = 20:80 mixture at
298 K and 1 bar over TRI-PE-MCM-41

property is particularly suitable for CO, removal from gases
such as biogas, flue gas and syngas. Nevertheless, it is im-
portant to mention that actual industrial gases contain dif-
ferent impurities, whose effect should be carefully consid-
ered. The most ubiquitous impurity is water vapor. Earlier
work (Serna-Guerrero et al. 2008; Belmabkhout et al. 2010)
showed that adsorption of CO, on TRI-PE-MCM-41 is en-
hanced by the presence of water, most likely because of
the formation of bicarbonate (CO,/N = 1) at the expense

Selective adsorption
TRI-PE-MCM-41 with
No feed pretreatment
‘\.____‘______—__/

CO; adsorber gas

Raw syngas after water gas shift
(CO2, CO, CHg, Hz, H20)

Dry CO»-free stream
(Hz, CO, CHa)

Selective
adsorption of
CO and CH4

High purity Hz

v

CO, CH, adsorber

l CO, CHg

Methanation

of CO; over

CH,

To refueling or
recycling in natural

of carbamate (CO,/N = 0.5), which is favored under dry
conditions (Serna-Guerrero et al. 2008). Also, we demon-
strated that O has no effect on the adsorption of CO,. More-
over, preliminary data showed that H>S competes with CO;
for adsorption sites (Belmabkhout et al. 2009). Admittedly,
more work is needed to fully investigate the effect of small
concentrations of HS, SO, and possibly CO.

3.3 Material recycling and stability

For practical applications, the adsorbent should not only
possess a high adsorption capacity for CO», and high CO,
selectivity over other species but also exhibit high stability
during prolonged operation. Near-equilibrium adsorption—
desorption cycles were carried out in the Rubotherm gravi-
metric set-up using temperature-pressure swing (TPS) re-
generation mode to investigate the stability of TRI-PE-
MCM-41. In a typical adsorption-desorption cycle, the sam-
ple was first exposed to nitrogen at 50 mL/min at 75 °C and
0.1 bar for 30 min. Subsequently, the sample was cooled
to 25 °C in flowing nitrogen and the feed gas was switched
to pure CO;, flowing at 50 mL/min for 30 min. The ad-
sorption capacity was assumed to be the weight gain of the
sample after 30 min exposure. Figure 6 shows the CO;
uptake for 200 such adsorption-desorption cycles. Under
these conditions, TRI-PE-MCM-41 exhibited remarkable
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CO, uptake (Wt%)
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Adsorption cycles

Fig. 6 Adsorption-desorption cycling of pure CO; at 25 °C, 1 bar on
TRI-PE-MCM-41 using TPS desorption mode (75 °C, 0.1 bar)

TRI-200cycles

Absorbance (a.u.)

TRI-Fresh

T AT T ST T T T T T T 2826

T T T T
2500 2000 1500 1000

Wavenumber (cm™)

T T
3500 3000

Fig.7 DRIFT spectra for fresh (TRI-Fresh) and used (TRI-200cycles)
samples

stability during extensive TPS cycling over 200 adsorption-
desorption cycles. Material regeneration under different
conditions was addressed elsewhere (Serna-Guerrero et al.
2010; Belmabkhout and Sayari 2010).

DRIFT spectra (Fig. 7) of the material after cycling (TRI-
200 cycles) in comparison to the fresh material (TRI-Fresh)
showed that the characteristics bands attributed to vibration
of NH; (3368, 3295 cm™! and 1657, 1602 cm~!) and CH
stretching (2930-2826 and 1462 cm™h) (Chang et al. 2009)
exhibited identical intensities. Consistent with the observed
high stability (Fig. 6), this indicates that TRI-PE-MCM-41
is not altered under our cycling conditions.
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4 Conclusion

Column-breakthrough data showed that TRI-PE-MCM-41
exhibits very high selectivity toward CO; in the presence of
N>, CH4 and Hj in mixtures with compositions akin to flue
gas, biogas and syngas, outperforming many physical and
chemical CO; adsorbents. The long term stability of TRI-
PE-MCM-41 was substantiated via extensive adsorption-
desorption cycling. The suitability of TRI-PE-MCM-41 for
separation applications using temperature-pressure swing
regeneration mode was clearly demonstrated.
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