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ABSTRACT: A residual gas analyzer (RGA) coupled with a high-vacuum chamber has been
explored to measure atmospheric CO2 entrapped in aminosilane-modified clay nanotubes. Ambient
CO2 uptake efficacy together with stability of these novel adsorbents composed of both primary
and/or secondary amine sites has been demonstrated at standard ambient temperature and
pressure. The unprecedented sensitivity and accuracy of the RGA-based mass spectrometry
technique toward atmospheric CO2 measurement has been substantiated with a laser-based optical
cavity-enhanced integrated cavity output spectroscopy. The adsorption kinetics of atmospheric
CO2 on amine-functionalized clay nanotubes followed the fractional-order kinetic model compared
to that of the pseudo-first-order or pseudo-second-order rate equations. The efficiency along with
stability of these novel adsorbents has also been demonstrated by their repetitive use for CO2
capture in the oxidative environment. Our findings thus point to a fundamental study on the
atmospheric CO2 adsorption by amine-loaded adsorbents using an easy handling and low-cost
benchtop RGA-based mass spectrometer, opening a new strategy for CO2 capture and sequestering
study.

The accelerating level of atmospheric CO2, resulting from
the growing dependence on fossil fuels and other human

activities, is one of the major environmental as well as public
concerns because it causes global warming and also has an
impact on the growth and physiology of plants.1,2 The pressing
need is therefore to develop efficient and cost-effective
strategies to reduce the concentration of greenhouse gases,
which in turn draw the attention of the researchers to focus the
scientific and societal importance of research into the area of
CO2 adsorption and its potential applications in industry.
To date, several solid adsorbents have been widely

investigated for CO2 capture, such as zeolites, activated carbon,
porous silica, metal oxides, polymer-based adsorbents, ion-
exchange resin, nanofibrillated cellulose, metal organic frame-
works, among others.3−11 However, use of porous adsorbents is
limited because of their low CO2 adsorption capacity and
selectivity at higher temperature. In addition to the long time to
reach saturation due to the slow adsorption kinetics, reduced
activity in the presence of moisture as well as sometimes low
thermal and chemical stability often limit the execution and
effectiveness of the most of the procedures.12 Halloysite clay
nanotubes (HNTs), owing to their environmental friendly and
biocompatible nature as well as their thermal and chemical
stability, will be a viable alternative to be exploited as an
adsorbent for atmospheric CO2 capture. Furthermore, their
positive inner surface and negative outer surface charge will
provide an opportunity to tune the structure/properties of the
HNTs through selective modification of the both outer surfaces
and inner surfaces.13,14

Nowadays, the most frequently used instruments to analyze
CO2 uptake by several adsorbents are thermogravimetric

analyzer, volumetric devices, and gas chromatogram, which is
sometimes coupled with a mass spectrometer.5,12,15−17

However, to our knowledge, there has been no report in the
literature on the exploration of a residual gas analyzer (RGA)
coupled with a high-vacuum chamber as a tool to measure
atmospheric CO2 trapped in clay nanotubes along with their
adsorption kinetics under standard ambient temperature and
pressure. The RGA-based mass spectrometry (RGA-MS) is an
analytical technique designed to analyze the residual gases
present in the high-vacuum environment (<10−5 Torr); in this
technique, ions produced from the gas molecules through
electron impact ionization once the gas molecules collide with
the thermo-electrons discharged from a heated filament are
separated and subsequently detected on the basis of their mass-
to-charge (m/z) ratios using a conventional radio frequency
quadrupole mass filter technology with a Faraday Cup detector.
The objective of this work is to investigate the atmospheric

CO2 adsorption efficiency of amine-modified clay nanotubes
using a simple and easy handling benchtop mass spectrometer,
residual gas analyzer. CO2 adsorption as a function of time by
the clay nanotubes has been explored at standard ambient
temperature and pressure. Keeping the sensitivity and accuracy
toward the measurement of atmospheric CO2 in mind, we have
validated our findings by comparing with the results acquired
from an optical cavity-enhanced integrated cavity output
spectrometer (ICOS). The efficiency together with stability of
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these novel adsorbents has also been studied by repetitive use
of these surface-modified clay materials in an oxidative
environment.

■ EXPERIMENTAL SECTION
Materials. All chemicals were used as received. Halloysite

nanotubes (HNTs), N -[3-(trimethoxysilyl)propyl]-
ethylenediamine and N1-(3-tr imethoxysi lylpropyl)-
diethylenetriamine were purchased from Sigma-Aldrich. (3-
Aminopropyl)triethoxysilane was received from Alfa Aesar.
Toluene and ethanol were obtained from Merck.
Preparation of Amine-Modified Clay Nanotubes.

Aminosilane-modified halloysite nanotubes (HNTs) were
obtained according to the following procedure. Two grams of
HNTs and 17 mL of toluene were placed in a three-necked
round-bottom flask which was fitted with rubber septum,
condenser, thermocouple adaptor, and an additional quartz
sheath in which a thermocouple was inserted. The overall
reaction was performed under nitrogen atmosphere using
standard air-free techniques. The flask containing the reaction
mixture was deaerated for 30 min with nitrogen and then
heated with a heating mantle, followed by (3- aminopropyl)-
trimethoxysilane (1.5 mL) injection into the flask at 60 °C. The
reaction mixture was then refluxed at 120 °C for 20 h under
constant stirring. The product was recovered by simple
filtration and washed a number of times with toluene and
ethanol, respectively. Finally, the end product was dried at 100
°C under vacuum and abbreviated as HNTs-1. Similarly, the
surfaces of HNTs were also functionalized with the same
concentration of N-[3-(trimethoxysilyl)propyl]ethylenediamine
and N1-(3-trimethoxysilylpropyl)diethylenetriamine and the
synthesized products were abbreviated as HNTs-2 and
HNTs-3 respectively. All these three clay based adsorbents
were exploited to study the CO2 adsorption from ambient air.
Residual Gas Analyzer-Mass Spectrometry (RGA-MS)

Technique for CO2 Adsorption. We have demonstrated a
residual gas analyzer (RGA) coupled with a high-vacuum (HV)
chamber to explore its effectiveness in monitoring CO2
concentration as low as the atmospheric level (∼390 ppm). A
schematic diagram of the tool comprising a residual gas
analyzer (RGA) (Prisma Plus, PT-M05-212-111, Pfeiffer
vacuum, 1−200 amu) coupled with a customized HV chamber
to measure the atmospheric samples has been depicted in
Scheme 1. The typical baseline vacuum level inside the HV
chamber is ∼10−8 Torr, which has continually been maintained
by combination of a turbo molecular pump (PM-153-915-T, Sp
= 260 L/s, Pfeiffer) and a turbo-drag-pump (PM-P03-963A, Sp
= 10 L/s, Pfeiffer) backed by a diaphragm pump (PK-T01-210,
Sp = 40 L/s, Pfeiffer). A Pirani gauge (PT-R26-002, Pfeiffer) has
been utilized to continuously monitor the vacuum pressure
inside the HV chamber. A gas-controlled valve termed as all-
metal-leak-valve (AMLV) (PFI52031, Pfeiffer) has been
employed to regulate the flow of gas samples into the chamber
and also to sustain the working condition inside the chamber.
For the typical experiments performed in the present study, an
atmospheric air sample with a volume of ∼5 mL has been used
to inject into the HV chamber through the AMLV by an
airtight syringe/stopcock. The experiments were performed
under the typical pressure of 2.2−2.3 × 10−5 Torr inside the
HV chamber. The interfacing Quadera software (Prisma Plus,
version 4.50) allowed the samples to be analyzed in two
different modes, namely, Faraday scan mode (FSM) and
multiple ions detection (MID). The qualitative analysis for the

different molecular species present in the sample has been
performed by the FSM, whereas MID has been utilized for the
quantitative study of the selected mass 44 amu (CO2). The
changes of ion currents for the mass 44 amu due to CO2
adsorption by three different amine-loaded adsorbents with the
scanning rate of 1 s/amu have also been illustrated in the
Results and Discussion section. Typically, 25−30 data points
have been averaged to obtain the resultant ion current for the
concentration of mass 44 amu present in the atmospheric
samples.

CO2 Adsorption Measurements. To study the CO2
adsorption capacity by the as-prepared adsorbents, ambient
air has been collected and used as feed gas without any
pretreatment. All the adsorption experiments were performed
at ambient pressure and temperature, and the relative humidity
in the atmospheric air has been found to be ∼44% throughout
the experiment. For CO2 adsorption study, 0.1 g of amine-
grafted HNTs were taken in a round-bottom flask, which was
fitted with a rubber septum and two adapters. In order to
remove all the preadsorbed CO2 in the adsorbent, if any, before
the adsorption experiment, the adsorbent was pretreated with
ultrahigh-purity nitrogen gas at 120 °C for 30 min, followed by
evacuation for another 30 min. Another round-bottom flask
without any adsorbent was also preheated under the same
experimental condition. As soon as the temperature of the
flasks cooled to room temperature, ambient air was injected to
the adsorbent bed of the sample flask and the blank flask and
then kept stationary for equilibration. After the equilibration for

Scheme 1. Schematic Diagram of the Residual Gas Analyzer-
Mass Spectrometry (RGA-MS) System Used To Detect
Atmospheric CO2 Uptake by Clay Nanotubes and the
Corresponding CO2 Adsorption Measurement Procedure
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a desired time, the amount of unadsorbed CO2 remain in the
ambient air of the flask was determined on the basis of the
RGA-MS technique and was measured from the absolute
change in concentration of CO2 with regard to the blank flask.

■ RESULTS AND DISCUSSION
To explore the atmospheric CO2 adsorption by halloysite clay
nanotubes (HNTs) using RGA-MS, we have first modified the
outer surface of HNTs with three different aminosilanes, (3-
aminopropyl)triethoxysilane, N-[3-(trimethoxysilyl)propyl]-
ethylenediamine, and N1-(3-trimethoxysilylpropyl)diethylene-
triamine to achieve HNTs-1, HNTs-2, and HNTs-3 respec-
tively. The chemical change after the grafting of aminosilane
over the surface of HNTs was examined by FTIR spectroscopy,
as shown in Figure 1, which demonstrated the presence of three
new peaks at 1556, 2935, and 3453 cm−1 for N−H deformation
and stretching vibration of C−H and N−H, respectively, in
addition to the other two distinct bands at 3621 and 3697
cm−1, owing to the stretching vibrations of inner hydroxyl
group and inner surface hydroxyl group, respectively.14,18 XRD
analysis depicts the tubular structure of the clay nanotubes
because of the observed (020) reflection (Figure S1,
Supporting Information), and the characteristic (001) reflection
does not shift to the lower angles even after grafting,
representing the absence of any intercalation of aminosilane
into the interlayer of HNTs and thus no change in the spacing
of the surface modified HNTs.19

To gain insight into the morphology of the clay nanotubes
before and after surface modification, we have performed
FESEM and TEM analysis which indicated that HNTs
composed of cylindrical shaped tubes with length between
1.0 and 1.5 μm and outer diameter of 50−100 nm and inner
diameter of 15−20 nm, demonstrating polydispersity in size
similar to that of pristine HNTs (Figure 2). The cylindrical
shaped tubes are made of multilayer walls with an open-ended
lumen, having three main constituents of oxygen, aluminum,
and silicon. In contrast to pristine HNTs, surface-modified
HNTs contain carbon and nitrogen along with the three main
constituent elements, illustrating the successful grafting of
aminosilane (Figure S2). CHN elemental analysis provides us
the actual concentration of grafted aminosilanes over HNTs
under the present experimental condition, which was found to
be 0.51, 1.05, and 1.6 wt % of N per gram of HNTs-1, HNTs-2,
and HNTs-3, respectively, as they are loaded with three

different amines. Therefore, the calculated concentration of
loaded amino groups is 0.36, 0.75, and 1.14 mmol per gram of
HNTs in HNTs-1, HNTs-2, and HNTs-3, respectively. It is
worth noting that the concentration of immobilized amino
groups over HNTs surfaces can be increased up to 1.2 mmol
for (3-aminopropyl)triethoxysilane, although we have carried
out all the experiments here with HNTs-1 having ∼0.36 mmol
of loaded amino groups on 1 gram of adsorbent.
In an effort to determine the atmospheric CO2 adsorption

efficiency of these adsorbents, ambient air was used as feed gas,
and all the adsorption experiments were performed at room
temperature (298 K) and pressure (1 atm). For this study, we
have inserted the air collected from the atmosphere to the
adsorbent bed of a flask and allowed that to reach equilibration
for a definite period of time. Exploiting RGA-MS, a simple and
easy handling benchtop mass spectrometer, the concentration
of unadsorbed CO2 in the ambient air after the adsorption has
been assessed, and the concentration of adsorbed CO2 by these
adsorbents was measured from the absolute change in

Figure 1. FTIR spectra of HNTs before and after surface modification with three different aminosilanes to make HNTs-1, HNTs-2, and HNTs-3,
demonstrating the chemical change due to the grafting of aminosilane onto the surface of HNTs.

Figure 2. FESEM and TEM images of (A,C) HNTs and (B,D) HNTs-
3 obtained via surface modification of HNTs with N1-(3-
trimethoxysilylpropyl)diethylene-triamine.
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concentration with respect to the blank flask. It should be
pointed out that in the RGA-MS system, the resultant ion
current carries the signature of the concentration of the selected
mass (represented in terms of m/z ratio). The minimum
detection level of CO2 by our RGA-MS is ∼10 ppm, and the
precision of the measurements is limited to ±2.5 ppm, where
the potential interference due to neighboring masses remains
<5 ppm. The qualitative analysis for the different molecular
species present in the sample has been performed by the
Faraday scan mode (FSM). The representative RGA mass
spectra of ambient air before and after CO2 adsorption in the
scan bar-graph mode have been presented in Figure 3A,

indicating the presence of CO2 with the other constituents of
air. The ion current for the mass 44 amu (CO2) was considered
to determine the amount of adsorbed CO2 by the adsorbents.
Figure 3B depicts how the ion current changes with the
variation of adsorbents from HNTs-1 to HNTs-2 to HNTs-3
after 2 h of adsorption because they possess varied
concentration of amino groups present in three different
grafted aminosilanes. It should be noted that HNTs-2 and
HNTs-3 contain both primary and secondary amine binding
sites, whereas HNTs-1 comprises only primary amine binding
site. Conversely, pristine HNTs (i.e., without amine loading)
hardly possess any adsorption capacity under same exper-
imental condition and even when kept for 12 h (as presented in
Figure S3).

To demonstrate the accuracy and sensitivity of RGA-MS for
the measurement of such a low concentration of CO2 present
in atmospheric air (∼390 ppm), we have further verified the
results using an optical cavity-enhanced integrated cavity output
spectrometer (ICOS). It is basically a high-finesse optical
cavity-enhanced absorption technique to measure the absorp-
tion features of CO2.

20 Figure 4 shows the representative linear

correlation plot of adsorbed CO2 by HNTs-1 analyzed by
RGA-MS and ICOS. A close correlation as ascribed by R2 =
0.9997, signifies the validation of RGA-MS technique to
precisely analyze CO2 from the ambient air and even when
present at low concentration.
Figure 5A represents CO2 adsorption from the ambient air

under dry condition by three different adsorbents at an interval
of 0.5 h up to 3 h under the above-mentioned condition using
RGA-MS technique. We found the maximum CO2 uptake
efficacy of these adsorbents was 2 h after the injection of
ambient air, and afterward, it levels off; the performance of the
adsorbents for CO2 capture gradually increases from HNTs-1
to HNTs-2 to HNTs-3 as the adsorbents are composed of
different amine densities. CO2 adsorption capacity from
ambient air under anhydrous condition has been estimated to
be 0.13, 0.19, and 0.3 mmol g−1 for HNTs-1, HNTs-2, and
HNTs-3, respectively. The steeper slope at the beginning of the
CO2 adsorption, shown in Figure 5B, is attributed to the rapid
rate of adsorption which progressively decreased as the
adsorption time progresses and finally reaches an equilibrium.
The fast adsorption kinetics of atmospheric CO2 is
undoubtedly due to the presence of sufficient active adsorption
sites over the surface of the adsorbent and thus enhanced
adsorbent−adsorbate interaction, whereas the slower adsorp-
tion rate may be the result of the reduced available adsorption
sites as well as increased diffusion resistance developed during
CO2 adsorption.21,22 The adsorption kinetics of atmospheric
CO2 on amine-functionalized clay nanotubes followed a
fractional-order kinetic model23 (R2 = 0.999) compared to
pseudo-first-order24 or pseudo-second-order25 rate equations
(Figure 5B). All the rate equations have been presented in the
text:
Pseudo-first-order rate equation:

Figure 3. (A) Illustration of RGA mass spectra of the feed gas sample
before and after CO2 adsorption by 0.1 g of HNTs-3 using Faraday
scan mode. (B) Ion current change for the mass 44 amu due to
atmospheric CO2 capture by three different adsorbents (0.1 g) after 2
h of adsorption monitored using RGA-MS technique in a multiple ions
detection mode.

Figure 4. Linear correlation plot of adsorbed CO2 by 0.1 g of HNTs-1
analyzed by residual gas analyzer-mass spectrometer (RGA-MS) and
an optical cavity-enhanced integrated cavity output spectrometer
(ICOS), demonstrating the comparable sensitivity and accuracy
toward the measurement of atmospheric CO2 using RGA-MS method
to that of ICOS technique. The error bar stands for standard deviation
of five successive measurements of a single sample using RGA-MS.
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where Qt and Qe are adsorbent’s adsorption capacity at time t
and equilibrium. k1 and k2 are rate constants for pseudo-first-
order and pseudo-second-order reactions; kn, m, and n are
constants of the fractional-order model where n defines pseudo-
order of the reaction in regard to driving force. It should be
noted that the nature of CO2 adsorption does not change in the
adsorbents with lower or higher amine loading under dry
condition. Hence, the adsorption kinetics of atmospheric CO2
for all the three adsorbents was found to follow a general
kinetic model based on the fractional-order rate equation. We
have further established that all the adsorbents have strong
dependence of their CO2 adsorption efficiency on the feed gas
concentration, shown in Figure S4. CO2 uptake efficiency along
with feed gas concentration and corresponding amine loading
of the reported amine loaded solid adsorbents and our
synthesized clay-based adsorbents have been presented in
Table 1. All these clay-based adsorbents demonstrate
reasonably higher efficiency for CO2 capture from the ambient
air (∼390 ppm). It should be pointed out that the adsorption
condition and feed gas concentration that actually control the
adsorption property of any adsorbent are quite different.
From a scientific rather than practical point of view, an

adsorbent should have the capacity to adsorb and desorb CO2
as fast as possible. In addition, low desorption temperature and
intact CO2 adsorption capacity during continual adsorption/
desorption cycling experiments are other key aspects for a

Figure 5. (A) CO2 adsorption from the ambient air under dry
condition using three different adsorbents (0.1 g) at standard ambient
temperature and pressure at an interval of 0.5 h up to 3 h as measured
by RGA-MS method. (B) Experimental CO2 uptake data for an
adsorbent (HNTs-1) were fitted with first, second and fractional order
rate equations, demonstrating the fractional order adsorption kinetics
for CO2.

Table 1. Summary of CO2 Adsorption Efficiency along with Feed Gas Concentration and Corresponding Amine Loading of
Solid Adsorbents Reported in the Literature and That of These Clay-Based Adsorbents

adsorbents feed gas concentration [CO2] in vol % amine loading (mmolN g−1) amine efficiency (mmolCO2
mmolN

−1) ref

APS/SBA 15 2.7 0.19 26
AEAPS/SBA 15 4.2 0.21 26
TA/SBA 15 5.1 0.22 26
M-DETA 15.4 10.60 0.25 27
M-TETA 15.4 14.80 0.21 27
MCM-41-NH2 10.3 2.48 0.28 28
APTES39/MCM 100 1.79 0.26 29
PEI20/SiO2 100 4.46 0.21 29
A2-SBA-15 100 4.20 0.34 30
A2-BPMO 100 4.90 0.44 30
SBA-NH2 10 1.90 0.21 31
SBA-diamine 10 2.50 0.28 31
MCF_APS_lo 0.04 2.70 0.20 16
MCF_APS_hi 0.04 3.75 0.30 16
HNTs-1 0.04 0.36 0.36 this work
HNTs-2 0.04 0.75 0.25 this work
HNTs-3 0.04 1.14 0.26 this work

APS: 3-aminopropyltriethoxysilane; AEAPS: N-(2-aminoethyl)-3-aminopropyltrimethoxy-silane; TA: (3-trimethoxysilylpropyl)diethylenetriamine;
M-DETA: diethylenetriamine impregnated MCM-41; M-TETA: triethylenetetramine impregnated MCM-41; MCM-41-NH2: 3-amino-
propyltriethoxysilane functionalized MCM-41; APTES: 3-aminopropyl-triethoxysilane; PEI: polyethylenimine; A2-SBA-15: N-[3-(trimethoxysilyl)-
propyl]-ethylenediamine modified SBA-15; A2-BPMO: N-[3-(trimethoxysilyl)propyl] ethylenediamine modified benzene periodic mesoporous
organosilica; SBA-NH2: 3-aminopropyltriethoxysilane functionalized SBA; SBA-diamine: diamine functionalized SBA.
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reasonable adsorbent. A consecutive 2 h adsorption and 1.5 h
desorption cycling experiments for CO2 were performed to
execute the regenerability and recyclability property of all
adsorbents, which demonstrated that all the clay-based
adsorbents can be regenerated upon heating at 120 °C under
the flow of nitrogen and subsequently vacuum was pulled down
to perform a new set of adsorption/desorption study. Figure 6

demonstrates the reversible CO2 adsorption ability of the three
adsorbents. The adsorbents show a slightly decreasing trend in
the adsorption efficiency after persistent cyclic experiments.
The low desorption temperature further indicates that the
compounds formed between CO2 and the amine are not stable
enough and thus by releasing CO2 under reduced pressure, all
the adsorbents become regenerated. Henceforth, the ease of
regeneration and reuse will help to sustain the overall
atmospheric CO2 capture procedure.
Previous studies suggest that amine efficiency increases with

increasing amine loading onto the adsorbents, which in turn
demonstrates higher amine efficacy and stronger CO2 binding
for a high density of amine loading.32,33 Additionally, it is
important to note that the efficiency of an amine-based
adsorbent depends not only on the type of amine used but also
on the reaction condition, whether it is dry or humid. The
increase in adsorption efficiency with increasing amine loading
in the adsorbents can be explained based on the proposed CO2-
amine reaction mechanism under anhydrous condition;
generally two amine groups are required to capture one
molecule of CO2, resulting in the formation of alkylammonium
carbamate species through a zwitterionic mechanism (as shown
in Figure 7).34−36 FTIR spectra recorded at room temperature
corroborated the presence of alkylammonium carbamate
species on the adsorbents (Figure S5 and Table S1). Carbamate
was formed due to the neucleophilic attack of the lone pair on
nitrogen of amine to CO2 to produce zwitterions, followed by
the deprotonation of those zwitterions by a base, which is
another amine molecule as the adsorption study was carried out
under anhydrous condition. In a nutshell, the simple and easy-
to-run benchtop mass spectrometer (RGA-MS) shows a great
promise as a tool to analyze atmospheric CO2 trapped in those
clay based adsorbents and its sensitivity and accuracy have also
been established for such a low concentration of CO2 present
in the ambient air.
In conclusion, we have demonstrated atmospheric CO2

adsorption efficacy of clay nanotubes after selective surface

modification with aminosilanes through a simple and easy
handling benchtop mass spectrometer, RGA-MS. Ambient CO2
uptake by the clay nanotubes has been studied as a function of
time at standard ambient temperature and pressure. In the near
future, RGA-MS will be more attractive compared to the other
existing tools to detect atmospheric gases because of its
simplicity, low-cost, and easy-to-run technique. To validate the
sensitivity and accuracy of RGA-MS toward CO2 analysis, the
results were substantiated with ICOS. The efficiency along with
stability of these adsorbents has been corroborated by repeated
use of these surface-modified clay materials in an oxidative
environment. Hence, the RGA-MS technique should have wide
pertinence in the area of CO2 capture and sequestration study,
together with the reversible CO2 adsorption capability,
excellent stability under oxidative environment, and easy
regeneration of the clay-based adsorbents for recycling, should
make the procedure environmental friendly, robust, sustainable
and thus a more attractive strategy.
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