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Clay based solid adsorbents comprised of several viable amines having varied amine densities and

adsorption sites have been designed to capture isotopic CO2 from ambient air under standard

temperature and pressure, keeping an eye on the preferential adsorption of the three major abundant

isotopes of CO2 (12C16O2,
13C16O2, and

12C16O18O). Relative humidity induced isotopic CO2 adsorption,

which appears to have received still little or even no attention, has been demonstrated using a laser

based integrated cavity output spectroscopy technique and the adsorption kinetics describing the CO2

uptake rate were investigated to evaluate the efficiency of the adsorbents as well as to explore the

underlying adsorption mechanism. In addition, all these novel adsorbents exhibit reversible CO2

adsorption in the oxidative environment and exceptional durability even after a prolonged cyclic

adsorption–desorption study.
Introduction

The growing concentration of anthropogenic carbon dioxide in
ambient air due to the large industrial sources of emission
arising from fossil fuel power plants, chemical processing, and
deforestation caused by the usage of land is a key challenge in
the on-going effort to diminish the effect of greenhouse gases
on global climate change by developing more-efficient and
improved procedures for CO2 capture and sequestration.1–3 A
probable pathway to deal with these emissions is to capture CO2

directly from the ambient air. However, CO2 captured from air
followed by its separation and recovery on a large scale is still in
its infancy and recently has only drawn adequate interest from
the researchers.

The liquid phase amine scrubbing process which is an
industrially established approach to capture CO2 owing to the
ability of the amines to chemisorb acidic CO2 involves high
regeneration cost as the high heat capacity of aqueous amine
makes the endothermic regeneration step very energy intensive,
poor thermal stability associated with contamination of the gas
with the solvent vapour, equipment corrosion, and oxidative
degradation of amines, resulting in a strong motivation to
develop stable and recyclable solid adsorbents with appropriate
CO2 capture capability.3–7 Until now, several solid CO2
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adsorbents have widely been explored, such as zeolites, acti-
vated carbon, mesoporous silica, metal organic frameworks,
metal oxides, alkali hydroxide, polymer based adsorbents etc.7–19

However, low tolerance of adsorbents to water vapour in the
feed gas and slow adsorption kinetics cause long time to reach
saturation, reduced activity in the presence of moisture due to
unfavourable completion and higher adsorption temperature,
and low thermal and chemical stability, sometimes restrict the
implementation of most of the procedures and always become
a contentious issue about their effectiveness, whereas adsor-
bents with high adsorption capacity, fast adsorption and
desorption procedures, moisture tolerance capacity, and low
energy requirement for recycling are always desirable for CO2

capture.
A key goal during the design and subsequent synthesis of

a solid adsorbent is to increase the available adsorption sites
per mass of materials to enhance the efficacy of that adsorbent
and at the same time to reduce the effective cost. Development
of clay based adsorbents with different viable aminosilanes
having varied concentrations of amino groups along with
thermal and hydrothermal stability will serve the purpose well.
Besides all the earlier attributes, amine based solid adsorbents
have the ability to tolerate the presence of moisture in the feed
gas, which in turn enhances their maximum equilibrium CO2

uptake ability in moisture. The higher uptake of moist CO2 is
a consequence of a change in the adsorption mechanism,
resulting in an upsurge in the adsorption prociency as well as
an increase in the amine efficiency. Additionally, adsorbents
composed of multi-amine molecules will be a superior alter-
native for this purpose owing to their high amine densities.

The present work demonstrates the development of several
clay based solid adsorbents being graed with diverse
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Scheme 1 Schematic presentation of moisture induced isotopic CO2

adsorption from the seasonal ambient air using solid adsorbents
analysed by an off-axis laser based integrated cavity output spec-
troscopy technique, followed by their adsorption trends.

Fig. 1 Schematic presentation of the synthesis of clay based
adsorbents.
aminosilanes containing both primary and secondary amine
sites to capture isotopic CO2 from ambient air under standard
temperature and pressure, looking into the preferential
adsorption of the three major abundant isotopes of CO2

like 12C16O2,
13C16O2, and 12C16O18O. Adsorption kinetics

describing the CO2 uptake rate have been investigated to
evaluate the efficiency of the adsorbents as well as to explore
the fundamental mechanism of adsorption. The inuence of
moisture on the adsorption kinetics has been explored by
carrying out the experiment on the seasonal ambient air
having different moisture contents (Scheme 1). Another major
aim of this work is to nd out the moisture dependent isotopic
CO2 adsorption together with the stability of these novel
adsorbents towards the repetitive use for CO2 uptake in an
oxidative environment.
Experimental
Preparation of adsorbents

All the clay based adsorbents were synthesized under nitrogen
atmosphere using standard air free techniques. 4.0 g of hal-
loysite nanotubes (HNTs) were taken in a 50 mL three-necked
round bottom ask containing 20.0 mL of toluene. The reaction
ask was xed with a rubber septum, a condenser, a thermo-
couple adaptor and a quartz sheath through which a thermo-
couple was inserted. The reaction mixture was deaerated for 30
min with nitrogen and then heated with a heating mantle. Aer
that, aminosilane was injected into the ask at 60 �C under
stirring conditions; subsequently the reaction mixture was
reuxed for 20 h at 120 �C. The as-synthesized product was
obtained aer ltration and washed several times with toluene
and ethanol, respectively, and dried at 100 �C overnight under
vacuum. (3-Aminopropyl)trimethoxysilane (2.5 mL) modied
HNTs are abbreviated as M-HNTs. Based on the analogous
synthetic route N-[3-(trimethoxysilyl) propyl]ethylenediamine
and N1-(3-trimethoxysilylpropyl)diethylenetriamine graed
HNTs are synthesized with a similar concentration of the ami-
nosilanes and the synthesized products were abbreviated as D-
HNTs and T-HNTs, respectively, as shown in Fig. 1.
Characterization

The morphology of halloysite nanotubes (HNTs) was deter-
mined using eld emission scanning electron microscopy
(FESEM: FEI QUANTA FEG 250) and transmission electron
microscopy (TEM: FEI TECNAI G2 F20-ST) operating at 200 kV
aer drop casting a drop of solution on a silicon wafer and
carbon coated copper grid, respectively. Powder X-ray diffrac-
tion (XRD) analysis was carried out by using a RIGAKUMiniFlex
II powder diffractometer using Cu Ka radiation with 35 kV beam
voltage and 15 mA beam current. Fourier transform infrared
(FTIR) spectra were recorded in the range of 500 to 4000 cm�1

using a JASCO FT/IR 6300. The number of scans was xed to 50
with a resolution of 2 cm�1. All the FTIR spectra were recorded
in the transmission mode. The solid state 29Si and 13C cross-
polarization magic-angle spinning (CP-MAS) NMR spectra were
obtained using a JEOL JNM-ECX400II spectrometer. CHN
analysis was done by using a PerkinElmer 2400 Series II CHNS
Elemental Analyzer. The CO2 adsorption study has been carried
out using an off-axis integrated cavity output spectrometer
(CCIA 36-EP, Los Gatos research, USA).
Integrated cavity output spectroscopy

Using a high precision laser based optical technique based on
off-axis integrated cavity output spectroscopy (OA-ICOS), we
have evaluated ambient air carbon dioxide and its isotopes
trapped in the adsorbents. The advantages for utilization of this
technique in comparison to traditional isotope ratio mass
spectroscopy (IRMS) have been proved elsewhere.20 The ICOS
instrument (CCIA 36-EP, Los Gatos research, USA) is comprised
of a high-nesse optical cavity of length 59 cm long. Two high
reectivity mirrors (R � 99.98%) have been placed in two ends
of the measurement cells of the optical cavity so that laser light
can move back and forth to reach the effective optical path-
length about 3 km. A continuous wave distributed feedback
diode laser operating at �2.05 mm was coupled to the optical
cavity. The frequency of the laser light was tuned to scan over 20
GHz to excite the P(36), R(28) and P(16) ro-vibrational lines for
the absorption spectra of 12C18O16O (4874.178 cm�1), 12C16O16O
(4874.448 cm�1) and 13C16O16O (4874.086 cm�1).21 A photo-
detector was utilized to record the transmittance light intensity
aer passing through the sample cell. A resistive heater with
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a feedback control was employed to maintain the temperature
of the cavity about 45 �C, whereas the pressure of the cavity was
regulated at �30 Torr by using a diaphragm pump. The
concentrations of trace gases were determined in accordance
with Beer–Lambert law.
Fig. 2 Chemical structure of aminosilanes grafted onto the surface of
halloysite clay nanotubes to produce corresponding solid adsorbents.
CO2 adsorption measurements

To demonstrate the CO2 adsorption efficiency of adsorbents
(M-HNTs, D-HNTs and T-HNTs), ambient air was collected and
used as the feed gas. At ambient pressure and temperature,
CO2 adsorption experiments were performed taking amine
graed HNTs as an adsorbent in a round bottom ask, which
was tted with a rubber septum and two adapters. To ensure
complete desorption of pre-adsorbed CO2 if any before the
adsorption experiment, all the adsorbents were pre-treated
with ultra-high pure nitrogen gas at 120 �C for a period of 45
min, followed by pulling down the vacuum for another 45 min.
Keeping all the experimental conditions the same, another
round bottom ask deprived of any adsorbent was also tted
with a rubber septum and adapters. Once the temperature of
the asks cooled down to room temperature, ambient air was
injected into both blank and sample asks, respectively, and
kept for equilibration for a desired time. Aer the equilibra-
tion, the amount of unadsorbed CO2 remaining in the ambient
air of the ask was measured based on a laser-based ICOS
technique. The amount of adsorbed CO2 was calculated from
the absolute change in concentration with respect to the blank
ask.
Results and discussion

To address these issues regarding the design of adsorbents for
isotopic CO2 capture from ambient air, we have synthesized
three different adsorbents through the selective graing of
aminosilanes, (3-aminopropyl)triethoxysilane, N-[3-(trimethoxy-
silyl)propyl] ethylenediamine and N1-(3-trimethoxysilylpropyl)
diethylenetriamine, respectively, over the outer surface of
a nanoclay, halloysite (please see the ESI section, Table S1 and
Fig. S1†). Halloysite, 1 : 1 aluminosilicate clay nanotubes
(HNTs), represents a perfect tailoring material because of its
chemical tunability arising from the positive octahedral array of
Al–OH groups at the inner surfaces and negative Si–O–Si groups
at the outer surfaces.22,23 This rich surface chemistry of HNTs
will open up a prospect to alter the structure/properties of the
HNTs through selective modication of the outer and/or inner
surfaces, together with being environmentally benign and
biocompatible.22,24 These clay based adsorbents are therefore
loaded with varied concentrations of amino groups as a result of
different graed aminosilanes, some of which contain both
primary and secondary amine sites, as shown in Fig. 2. All the
aminosilanes have an amine site associated with a trimethox-
ysilane or triethoxysilane group through a propyl group
embedded over the surface of HNTs to study the structural
effects during CO2 adsorption. The molecular length of
attached amine is approximately 0.9, 1.3 and 1.7 nm for
M-HNTs, D-HNTs and T-HNTs, respectively.25,26
The morphology of all clay based adsorbents characterized by
TEM analysis indicated that they are comprised of cylindrical
shaped tubes with an open-ended lumen having lengths between
1.0 and 1.5 mm and external and inner diameters of 50–100 nm
and 15–20 nm, respectively, which is consistent with the corre-
sponding FESEM images (Fig. 3). Thus, these adsorbents repre-
sent polydispersity in their sizes with a comparable morphology
to that of bareHNTs and the defects on the surface probably arise
from the mechanical damage or crystallographic defects. It
should be noted that even aer immobilization of the amines,
the morphology or size of HNTs remains the same. The tubular
structure of the clay nanotubes has also been established by XRD
analysis which demonstrates the presence of (020) reection
(Fig. S2, ESI section†). The typical (001) reection does not shi
to the lower angles even aer graing, which was attributed to
the absence of any intercalation of aminosilane into the inter-
layer of HNTs, which in turn point to the inaccessibility of most
of the wall interlayer AlOH groups for graing.24,27

The graing of aminosilanes over the surface of HNTs to
form M-, D- and T-HNTs was veried by FTIR spectroscopy
(Fig. S3†). The FTIR spectra demonstrate the presence of three
new peaks at 1559, 2937 and 3451 cm�1 for N–H deformation
and stretching vibration of C–H and N–H, respectively, in
addition to the two other distinct bands at 3621 and 3697 cm�1

originated due to the stretching vibrations of the inner hydroxyl
group and inner surface hydroxyl group.28,29However, solid state
29Si and 13C MAS NMR spectroscopy further demonstrates the
successful graing of those aminosilanes over the surface of
HNTs (Fig. S4†). The actual concentration of graed amino
groups over the surface of HNTs was evaluated using CHN
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Fig. 3 FESEM images of (a) HNTs, (b) M-HNTs, (c) D-HNTs and (d) T-
HNTs obtained through the grafting of viable aminosilanes. Repre-
sentative TEM micrographs of (e) HNTs and (f) T-HNTs.
elemental analysis as presented in Table S2.† The loaded N per
gram ofM-HNTs, D-HNTs and T-HNTs was estimated to be 0.51,
1.05, and 1.6 wt% under the present experimental conditions.
This change in the concentration of the loaded amino group in
the adsorbents is owing to the graing of three different ami-
nosilanes with varied amino groups contents. It should be
noted that though the concentration of the immobilized amino
groups in the solid adsorbents has easily been tuned by
changing the aminosilane concentration as well as reaction
conditions, we have performed all the isotopic CO2 adsorption
studies here with the adsorbents having above mentioned
amine loading.

To explore the isotopic CO2 capture from ambient air using
clay based adsorbents, seasonal air has been collected and used
as the feed gas. Adsorption kinetics of atmospheric CO2 (�400
ppm) have been elucidated based on a laser-based high-preci-
sion carbon dioxide isotope analyzer exploiting an off-axis
integrated cavity output spectroscopy (OA-ICOS) technique. It is
essentially an optical cavity-enhanced absorption technique to
monitor the absorption features of CO2.20,30 To evaluate the
efficiency of the adsorbents, ambient air was administered into
the adsorbent bed of the asks containing M-, D- and T-HNTs,
respectively, and allowed them to reach equilibration at stan-
dard room temperature and pressure. Aer a denite period of
time, the amount of unadsorbed CO2 remaining in the ambient
air of the sample asks was assessed from the absolute change
in concentration compared to the blank ask via the laser-based
spectroscopy technique. We have found that the ambient air
contains 12 000 ppm of moisture and the corresponding rela-
tive humidity has been observed to be 31% during this study.
Time dependent atmospheric CO2 adsorption by M-, D- and T-
HNTs demonstrates that 2 h aer the injection of ambient air
the maximum CO2 uptake was perceived for these adsorbents,
subsequently it levels off as time progresses, shown in Fig. 4a.
The steeper slope at the beginning of the CO2 adsorption is
accredited to the fast adsorption rate, which decreases gradually
with time until it reaches an equilibrium. The adequate active
adsorption sites over the surface of the adsorbents help to
enhance the adsorbent–adsorbate interaction which in turn
motivates the fast adsorption of atmospheric CO2, whereas the
slower adsorption rate may be due to the reduced accessible
adsorption sites as well as increased diffusion resistance
developed during CO2 adsorption. Atmospheric CO2 adsorption
capacity under the present experimental conditions has been
assessed to be 0.09, 0.14, and 0.22 mmol g�1 for M-HNTs, D-
HNTs and T-HNTs, respectively; since the adsorbents consisted
of three different graed aminosilane with varied amino group
contents. It is also important to note that D-HNTs and T-HNTs
are composed of both primary and secondary amine binding
sites whereas M-HNTs possess only primary amine binding
sites. The kinetics of CO2 adsorption from the ambient air by
these solid adsorbents were demonstrated based on the pseudo-
rst-order,31 pseudo-second-order32 and fractional-order kinetic
models33 by tting the acquired experimental data (Fig. 4b–d).
However, CO2 adsorption kinetics followed the fractional-order
kinetic model compared to the pseudo-rst-order or pseudo-
second-order kinetic model for all the adsorbents. The frac-
tional-order rate equation can be expressed as follows:

Qt ¼ Qe � 1�ððn� 1Þkn=mÞtm þ �
1
�
Qe

n�1
��1=n�1

where, kn, m, and n are constants of the fractional-order model.
Qt and Qe are the adsorption capacity of the adsorbent at time t
and at equilibrium. In fractional-order kinetic model, the rate of
CO2 chemisorption onto the active sites of amine is presumed
to be directly proportional to the mth power of the adsorption
time and nth power of the driving force, where n demonstrates
pseudo-order of the reaction in regard to the driving force and
kn is an overall parameter combining several adsorption related
factors since the model exhibits the complexity of the reaction
mechanism. With higher or lower amine loading, the nature of
atmospheric CO2 adsorption by these adsorbents remains the
same and thus, obeyed a general kinetic model based on the
fractional-order rate equation. It has also been veried that all
the solid adsorbents possess strong dependency on the feed gas
concentration, which in turn tunes their CO2 adsorption effi-
ciency. To authenticate this behaviour, we have varied the
concentration of CO2 keeping all other experimental conditions
unchanged. The concentration dependent CO2 adsorption by
the adsorbents under dry conditions has been explicated in
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Fig. 4 (a) Atmospheric CO2 capture from the ambient air using M-HNTs, D-HNTs and T-HNTs up to 6 h at standard ambient temperature and
pressure based on the OA-ICOS technique. (b–d) Experimental CO2 uptake data for all the three adsorbents demonstrate fractional order
adsorption kinetics for CO2.
Fig. S5.† In contrast, bare HNTs i.e.; without amine loading
hardly possess any adsorption efficacy even when kept for 12 h
under the same experimental conditions (Fig. S6†).

To gain insight into the isotopic CO2 capture by the clay
based adsorbents from the ambient air, we have exclusively
studied their adsorption kinetics under the said experimental
conditions. Since the atmospheric CO2 comprises of three
major stable isotopes 12CO2 (98.42%), 13CO2 (1.1%) and
12C16O18O (0.394%), it would be interesting to investigate their
adsorption characteristics. 13CO2 and 12C18O16O isotopic data
are represented as follows:

dDOB
13C& ¼ (d13C&)sample � (d13C&)blank

dDOB
18O& ¼ (d18O&)sample � (d18O&)blank

d13C& ¼

�
13C
12C

�
sample�

13C
12C

�
standard

� 1

2
6664

3
7775� 1000

d18O& ¼

�
18O
16O

�
sample�

18O
16O

�
standard

� 1

2
6664

3
7775� 1000
where
�13C

12C

�
standard

and
�18O

16O

�
standard

are the international

standard Pee Dee Belemnite (PDB) values of 0.0112372 and
0.0020672, respectively. Fig. 5 depicts that d13C in ambient air
over the adsorbent (M-HNTs) in the sample ask was depleted
in comparison to the blank ask. The maximum decrease in the
d13C value was observed aer 1 h of adsorption; aerwards it
gradually increased until it reached equilibrium in 2 h, aer
which it remained unchanged. The carbon-13 isotopic adsorp-
tion behaviour was found to be identical in D-HNTs and T-HNTs
(Fig. 5). In contrast to carbon-13 isotopes, for 18O of CO2 we have
seen that d18O in the sample ask was gradually increasing in
comparison to the blank until it reached equilibrium, subse-
quently it leveled off. The above results are attributed to the fact
that D-HNTs and T-HNTs possess both primary and secondary
amine binding sites whereas only a primary amine binding site
is available in M-HNTs; however, the nature of isotopic
adsorption of CO2 by these clay based solid adsorbents remains
the same. This may be due to the fact that a chemical reaction is
supposed to be regulated by the electronic structure of an atom
and may not be inuenced by the neuron numbers. Since the
isotopes of CO2 have the atoms with the same electron number
but different neutron numbers, they could be assumed to show
similar chemical properties during the reactions.

To explore the impact of moisture during CO2 uptake, we
have carried out the adsorption study using seasonal ambient
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Fig. 5 Adsorption kinetics of three abundant isotopes of ambient CO2

(12C16O2,
13C16O2, and

12C16O18O), where the adsorption of 13CO2 and
18O of CO2 has been expressed in terms of dDOB

13C& and dDOB
18O&.

Fig. 6 Impact of moisture during CO2 uptake by M-HNTs from the
seasonal air having different relative humidities, which has been
expressed in terms of the moisture content (ppm) measured from
ICOS.

Fig. 7 CO2 uptake capacity of the three solid adsorbents changes
once the humidity in the air increases from 31 to 42% (12 000 and
15 000 ppm, respectively).
air as the feed gas keeping all other experimental conditions the
same. We observed that with increasing moisture concentration
from 11 000 ppm to 15 000 ppm in the ambient air, the CO2

uptake efficiency of these adsorbents enhances, as illustrated in
Fig. 6. The observed enhancement of CO2 adsorption is due to
the precise nature of amine–CO2 interaction, leading to an
increase in amine efficiency which in turn points to a higher
adsorption capacity.34 However, it should be noted that we have
not introduced additional moisture from the outside during
this study and we have only enabled tuning of the moisture
concentration up to 15 000 ppm (corresponding relative
humidity has been found to be 42%) in the feed gas as it has
been collected in different seasons.

Hence, it is interesting to examine the adsorption behaviour
of these adsorbents with the atmospheric air having 15 000
ppm of moisture content, i.e.; relative humidity (RH) of 42%.
Fig. 7 demonstrates how the CO2 uptake capability of the three
solid adsorbents changes once the humidity in the air
increases. Under the current experimental conditions, the
atmospheric CO2 adsorption capacity of M-HNTs, D-HNTs and
T-HNTs has been enhanced from 0.09, 0.14, and 0.22 to 0.13,
0.19, and 0.3 mmol g�1, respectively, which was attributed to
the increase in the amine efficiency of the corresponding
adsorbents (please see Table 1). The primary amine graed
adsorbent (M-HNTs) illustrates the highest amine efficiency
compared to the other two adsorbents containing both primary
and secondary amines i.e.; D-HNTs and T-HNTs. The higher
amine efficiency of the adsorbents containing primary amines
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Table 1 Amine efficiency of the adsorbents in the seasonal ambient air changes with the change in relative humidity

Adsorbents
Amine loading
(mmol g�1)

Moisture in ambient air (RH � 31%) Moisture in ambient air (RH � 42%)

CO2 adsorption
capacity (mmol g�1)

Amine efficiency
(mmolCO2

mmolN
�1)

CO2 adsorption
capacity (mmol g�1)

Amine efficiency
(mmolCO2

mmolN
�1)

M-HNTs 0.36 0.09 0.25 0.13 0.36
D-HNTs 0.75 0.14 0.19 0.19 0.25
T-HNTs 1.14 0.22 0.19 0.29 0.25

Fig. 8 Adsorption kinetics of 13C16O2 and
12C16O18O isotopes present

in the seasonal ambient air (12 000 and 15 000 ppm, respectively),
demonstrating similar characteristics of dDOB

13C and dDOB
18O in M-

HNTs, D-HNTs and T-HNTs.
than that of the adsorbents having both primary and secondary
amines is probably due to the little interaction of the latter
amines with CO2 during the adsorption process as well as ultra-
dilute conditions which further signicantly decreases the
ability of secondary amines to adsorb CO2.35–37 Therefore, the
efficacy of an adsorbent depends not only on the surface density
of covalently attached amine groups but also on the nature of
amine employed as well as the adsorption condition whether it
is anhydrous or humid.

To demonstrate the change in isotopic adsorption properties
of ambient CO2, we have focused our next study on the isotopic
analysis of CO2 uptake considering the seasonal ambient air
having two different moisture concentrations. We observed
similar changes of dDOB

13C and dDOB
18O in M-HNTs, D-HNTs

and T-HNTs in both 12 000 ppm (RH � 31%) and 15 000 ppm
(RH � 42%) of moisture as shown in Fig. 8. In this study, we
found that the dDOB

13C was observed to be the maximum aer 1
h of adsorption, suggesting a preferential adsorption of the
13CO2 isotopes within this particular time by these clay based
adsorbents. The preferential adsorption of 13CO2 isotopes is
possibly attributed to the relatively heavier 13CO2 molecules
gradually coming to the vicinity of the absorbent bed with time,
which in turn may facilitate the higher rate of adsorption of
13CO2 molecules at the initial stage, nally resulting in the
relatively lower 13CO2/

12CO2 isotope ratio in the sample ask. As
the absorbents are allowed to keep in contact with the ambient
air for more time the availability of 13CO2 molecules decreases
in the sample ask, which may be the probable cause for
decreasing d13CO2 values in the sample ask.

Alternatively, 12C16O18O isotopes are heavier than 13CO2 and
12CO2 isotopes, suggesting a comparatively rapid adsorption of
12C16O18O isotopes within the sample ask, leading to
a decrease in the dDOB

18O value; however, results obtained from
the isotopic CO2 uptake study demonstrate a reverse trend in
the case of 12C16O18O isotope. Early studies suggest that the
oxygen-16 isotope and oxygen-18 isotope are rapidly exchanged
between atmospheric CO2 and

18O water to produce 12C16O18O
inside the glass ask;38 C16O16O + H2

18O/ C16O18O + H2
16O. In

our study, there is no external source for the incorporation of
the 18O isotope of CO2. Therefore, the enrichment of this
isotope in the sample ask may be due to the real time
production of the 18O isotope from the isotopic exchange
between 12CO2 and H2

18O in the ambient air of the sample ask.
Hence, an increase in dDOB

18O values was found during the
isotopic CO2 adsorption from the ambient air.

From the practical rather economical point of view, an
adsorbent should not only possess fast CO2 adsorption and
desorption capability at a low desorption temperature but also
have an intact CO2 uptake capacity in the course of persistent
adsorption/desorption cycling experiments. To address the
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issue regarding cycling adsorption behaviour of an adsorbent,
a consecutive 2 h adsorption and 1.5 h desorption cycling
experiments for CO2 were performed aer regeneration of the
adsorbents upon heating at 120 �C under the ow of nitrogen
and subsequently pulled down the vacuum before every new set
of adsorption/desorption study. The reversible CO2 adsorption
ability of all the three clay based adsorbents under two different
experimental conditions indicates a slightly decreasing trend in
the adsorption efficacy aer repetitive cyclic experiments
(Fig. S7†). The low desorption temperature further suggests that
the compounds formed between CO2 and the amine are not
stable enough and thus it is easier to regenerate the adsorbents
by liberating adsorbed CO2 under reduced pressure, ensuring
the sustainability of the atmospheric CO2 capture procedure
even under an oxidative environment. Table S3† demonstrates
the CO2 uptake efficacy of these clay based adsorbents
compared to that of the reported adsorbents, although the
adsorption conditions and feed gas concentration which actu-
ally regulate the adsorption properties are quite different.
However, all our clay based adsorbents exhibit reasonably
higher efficiency for CO2 capture even when present in low
concentrations especially in the ambient air (�400 ppm).

The reaction pathway of CO2 adsorption onto the surface of
these solid adsorbents under anhydrous conditions predomi-
nantly proceeds through the carbamate mechanism,39,40

whereas under humid conditions it follows the formation of
bicarbonates,41,42 ascribed in Scheme 2. Basically CO2 adsorp-
tion is an acid–base reaction where carbamate is produced
through a zwitterionic mechanism. The nucleophilic attack of
the lone pair of nitrogen present in both primary and secondary
amines on CO2 molecules forms zwitterions, which then get
deprotonated by another amine molecule under anhydrous
conditions and subsequently produce carbamate.43,44 Hence,
two amine groups are required to capture one molecule of CO2

under dry conditions, while a stoichiometric CO2/N ratio of 1
under humid conditions is required.41–43 It is also reported that
Scheme 2 Schematic presentation of CO2 adsorption on the clay
based adsorbents having both primary and secondary amine sites
under (a) anhydrous and (b) humid conditions.
if CO2 and amine modied solid adsorbents were contacted for
signicant time under very dry conditions; they formed an
additional product, silylalkylcarbamate.45–48 Hence, silanol
groups may assist CO2 adsorption to the amine based silica
adsorbents under very dry conditions by forming sily-
lalkylcarbamate which is not formed under humid conditions.
The proposed mechanism has been presented below:

2R � NH2 + CO2 # R � NH � COO� + R � NH3
+

2R2NH + CO2 # R2N � COO� + R2NH2
+

R0 � NH2 + R2NH + CO2 # R0 � NH � COO� + R2NH2
+ or

(R2N � COO� + R0NH3
+)

Si � OH + R � NH2 + CO2 # Si � OH2
+ + R � NH � COO�

However, FTIR spectra of the amine based adsorbents
exposed to seasonal air are attributed to the formation of alky-
lammonium carbamate species (Fig. S8 and Table S4 in the ESI
section†). We could not nd any evidence for the formation of
silylalkylcarbamate from the recorded FTIR spectra. Therefore,
we believe that the carbamate mechanism is dominant
although there was an increase in amine efficiency when the
ambient air containing a relative humidity of 42% was intro-
duced as the feed gas, suggesting that there may be two oper-
able mechanisms with different intrinsic kinetics for the
enhancement of adsorption efficacy of these adsorbents.

Conclusions

In conclusion, we have developed three clay based solid adsor-
bents graed with several viable amines having varied amine
densities and adsorption sites for isotopic CO2 capture from
ambient air under standard temperature and pressure using
a spectroscopic technique, keeping an eye on the preferential
adsorption of the three major abundant isotopes of CO2 which
comprises of 12CO2 (98.42%), 13CO2 (1.1%) and 12C16O18O
(0.394%) isotopes. Relative humidity in terms of moisture regu-
lates the isotopic atmospheric CO2 adsorption and the adsorp-
tion kinetics describing the CO2 uptake rate were studied to
evaluate the efficacy of the adsorbents as well as to explore the
underlying mechanism behind the adsorption. The efficiency
along with excellent stability of these novel adsorbents even aer
prolonged cyclic adsorption–desorption experiments has been
attributed to their repetitive use in an oxidative environment.
Therefore, our ndings point to a preferential isotopic CO2

uptake even in an ultra-dilute concentration as well as under dry
and moist conditions, introducing a new pathway in the frontier
area of CO2 capture and sequestering a study in a wide range of
areas including academic to industry.
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