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ABSTRACT: New nanocomposites based on graphene oxide with polyani-
line (PANI) or Fe3O4 nanoparticles (MG) were synthesized for CO2 capture.
To study the effect of graphene oxide structure on the CO2 retention
capacity, CO2/N2 selectivity, adsorbent regeneration, and adsorption kinetics,
two different graphene oxides were synthesized by oxidation of graphite
flakes (GO) and commercial carbon nanofibers (NSGO). CO2 adsorption
isotherms at 300 K were evaluated by gravimetric experiments. The results
described the CO2 adsorption as reversible physisorption mechanism, where
the CO2 adsorption capacity increases linearly with the micropore volume.
Results also demonstrate the good CO2/N2 selectivity, recyclability, and fast
adsorption kinetics of the materials tested. Differences concerning the
adsorption properties of nanocomposites are related to the chemical
composition and the size of graphene oxide sheets.
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■ INTRODUCTION

Global warming constitutes a serious problem for the planet.
The increase in the concentration of greenhouse gases,
especially CO2, makes it necessary to develop processes for
its elimination.1,2 The increase in the CO2 emissions in the last
20 years was analyzed in an interesting review recently
published.2 The authors proposed a reduction of the annual
rate of growth emission until 1.4%, lower than the average rate
during the period of 1970−2000. Research has been focused
on improving the current CO2 capture and storage
technologies to mitigate the CO2 effectively and economically.3

Different kinds of CO2-capturing methodologies have been
developed taking into account the effluent and concentration
of the gas to be captured.4 In this sense, membrane
purification, adsorption, and absorption operations have been
widely studied.3,4 The chemical absorption in liquid amines is
one of the most extensively used ones.5,6 However, this
methodology possesses several disadvantages, such as equip-
ment corrosion7,8 and low energy efficiency due to the high
temperatures used in the desorption process.9 For this reason,
adsorption operation is preferred. In addition, for an efficient
cyclic use, physisorption mechanism drives to better
results.9−11 Zeolites or active carbons have been widely
studied, showing high capacity to retain CO2; however, the
selectivity toward CO2 retention is very low.12−14 This is

mainly due to their high specific surface area, despite the fact
that the CO2 adsorption depends not only on the pore
concentration and structure but also on the surface chemistry
nature.15 Other promising solid materials are metal−organic
frameworks (MOFs) also widely investigated as CO2

adsorbents due to their inherent adaptability of their chemistry
and porous structure.16

Recently, preparation of hybrid composites based on
carbonaceous materials, including active carbons, graphite,
and graphene, seems to be a promising method to keep
exploring.14,15,17 Several strategies such as the structure and
morphology control using hydrogels and aerogels,18,19 nano-
spheres,20,21 and nanotubes17 through optimization of the
composition via cation exchange,18 surface modification, or
nitrogen-based22−27 or metal-based28 functionalization have
been investigated. The functionalization of graphene has
proved to be a good strategy to improve the CO2 adsorption
capacity.29−33 Thus, graphene functionalization with polyani-
line increases the degree of recyclability and the CO2

adsorption capacity between three and four times at high
pressures29 compared with pristine graphene,34 while function-

Received: April 11, 2019
Revised: June 4, 2019
Published: June 24, 2019

Research Article

pubs.acs.org/journal/ascecgCite This: ACS Sustainable Chem. Eng. 2019, 7, 12464−12473

© 2019 American Chemical Society 12464 DOI: 10.1021/acssuschemeng.9b02035
ACS Sustainable Chem. Eng. 2019, 7, 12464−12473

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 D

E
 S

A
L

A
M

A
N

C
A

 o
n 

Ju
ly

 2
6,

 2
01

9 
at

 0
9:

25
:0

9 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/journal/ascecg
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.9b02035
http://dx.doi.org/10.1021/acssuschemeng.9b02035


alization with Fe3O4 nanoparticles increases three times the
CO2 capture capacity.30

Despite the good results previously described, research
should focus on improving simultaneously the CO2 retention,
selectivity, adsorption rate, and recyclability11 and using
materials and processes economically profitable and sustain-
able as well. Since nanocomposites based on graphene seem to
be good CO2 adsorbents, we expect that the replacement of
graphene by graphene oxide could drive to new materials with
modulated properties to achieve high CO2 retention capacity
and simultaneously high CO2 selectivity, fast CO2 adsorption,
and easy recyclability.35−38

The main contribution of this paper is to explore the
replacement of graphene by graphene oxide avoiding the
reduction stages with hydrazine and chemical activation
treatments in nanocomposites prepared with polyaniline or
Fe3O4 nanoparticles directed to be used as CO2 adsorbents.
The presence of O groups in graphene oxide allows one to
modulate the chemical composition in the surface by joining
different types of materials resulting in new nanocomposites.
The second objective of the paper is to know the role of
graphene oxide on the capacity, selectivity, recyclability, and
kinetics of the CO2 retention process. This is the first time that
CO2 retention capacity is analyzed in terms of the structural
properties of graphene oxide. The materials selected to
synthesize graphene oxides were graphite flakes (GO) and
carbon nanofibers (NSGO) because we demonstrated36 that
they contain different chemical composition, superficial charge
density, and nanoplatelet size. We used as the second
component polyaniline copolymerized from aniline in the
presence of graphene oxide29,39 and Fe3O4 nanoparticles.

40−42

Exhaustive characterization of the starting graphene oxides
and the nanocomposites allows us to obtain some main
insights on how to modify the graphene oxide structure and
the nature of the second component for modulating and
improving their CO2 adsorbent behavior. The strategy
proposed is based on the previously known characteristics of
graphene oxide sheets, very different, resulting in composite
materials with different adsorption capacities.

■ EXPERIMENTAL SECTION
Chemical and Materials. To synthesize graphene oxides with

different chemical composition, we oxidized natural graphite flakes
(99.02%) of fixed carbon, from Qingdao Super Graphite Co., Ltd.,
and GANF helical-ribbon carbon nanofibers non-graphitized provided
by Carbon Advanced Materials, Grupo Antoliń (Burgos, Spain).
Reagents NaNO3 (99%), H2SO4 (98% wt), KMnO4 (>99%), H2O2

(30% wt), NaOH, HCl (35%), and aniline were provided by Sigma-
Aldrich (St. Louis, MO). FeCl3·6H2O and FeSO4·7H2O were
supplied by Panreac Quiḿica SLU (Barcelona, Spain). All reagents
were used without purification. Millipore Ultrapure water was
obtained by combination of RiOs and Milli-Q systems from Millipore.
Carbon dioxide (CO2), nitrogen (N2), and helium (He) were

supplied by Praxair Inc. and oxygen (O2) by L’Air Liquide, Madrid,
Spain. The minimum purity > 99.999%.
Synthesis of Polyaniline-Graphene Oxide Nanocomposites.

Prior to synthesizing polymer−graphene oxide nanocomposites, we
synthesized graphene oxides with different structure by oxidizing
graphite flakes and carbon nanofibers GANF with a modified
Hummers method.35,36,38

The polyaniline-GO (PANI−GO) and polyaniline-NSGO (PANI−
NSGO) nanocomposites were synthesized by in situ polymerization
procedures previously reported.39,43 Briefly, aniline was added to
graphene oxide dispersions of 2 mg/mL. The GO:aniline mass ratio
used in all experiments was 15:85.39 The graphene oxide dispersions

prepared by sonication for 1 h in 15 min cycles were mixed with
aniline and sonicated for 1 h (15 min cycles). The polymerization was
performed under stirring by carefully addition of 6 mL of H2O2
(30%), 4.5 mL of HCl (37%) and 1 mL of FeCl3.6H2O (0.1 M).43

The total volume was fixed in 200 mL with ultrapure water. The
suspension was maintained under stirring at 273 K for 24 h; to
improve the performance of the reaction after that it was kept at room
temperature for 5 h. To remove the unreacted polyaniline,
nanocomposites were separated by filtration and carefully washed
with 0.1 M HCl until the filtrate was completely transparent. Finally,
the solids were washed with acetone to eliminate the excess of
graphene oxide and dried at 333 K under vacuum for 24 h.
Nanocomposites were thermally activated at 700 °C under inert gas in
a tubular furnace for 1 h.39

Synthesis of Fe3O4 Nanoparticles and Graphene Oxide
Nanocomposites. Functionalization of the graphene oxides with
Fe3O4 nanoparticles was carried out by a procedure previously
reported.44 A 200 mL amount of GO or NSGO solutions (1 mg/mL)
was heated to 363 K; then we added 20 mL of 0.2 M FeCl3·6H2O, 10
mL 0.2 M of FeSO4·7H2O, and 38.4 mL of NH4OH. The solution
was stirred at 363 K for 30 min and then cooled down to room
temperature. The precipitate was separated by filtration, washed twice
with 200 mL of H2O, and dried at 343 K for 24 h.

Structural Characterization. XPS of powder samples was
measured in a VG Escalab 200R spectrometer (Fisons Instruments)
equipped with an excitation source of Mg Kα (hν = 1253.6 eV)
radiation and a hemispherical electron analyzer. High-resolution
spectra were recorded at a 50 eV analyzer pass energy. The residual
pressure in the analysis chamber was maintained under 4 × 10−7 Pa
during data acquisition. FTIR spectra were recorded in a Vertex 70v
spectrometer from Bruker operating in vacuum. It is equipped with a
LN2 detector working with a nominal resolution of 0.2 cm−1. Samples
were pressed in KBr (Merck) pellets with a hybrid/KBr mass ratio of
1:300. Thirty scans were recorded to improve the signal-to-noise
ratio.

Powder XRD patterns were recorded in a Bruker D8 Advance
powder diffractometer using Cu Kα1,2 radiation (λ = 1.54050 Å)
between 10° and 80° (2θ) with a step size of 0.05° and a step time of
2.6 s. The tube was operated at 40 kV and 30 mA.

Scanning electron microscopy (SEM) images were taken in a
Hitachi S-3000N microscope with an accelerating voltage of 5 kV.
SEM samples were mounted on a stub of gold (40−60 nm) with
adhesive. Transmission electron microscopy (TEM) images of Fe3O4
nanocomposites were taken with a 120 kV Tecnai G2 Spirit TWIN
from FEI. Nanocomposite films were deposited on Formvar-carbon-
coated copper grid by the drop casting methodology.

The porous structure was revealed by the 77 K N2 adsorption/
desorption isotherms in the relative pressure range from 0 to 1 in a
TriStar II 3020 (Micromeritics) system after degasification at 0.1
mbar and 423 K conditions for at least 12 h. The surface area was
calculated with the BET equation within the range of relative pressure
0.05 < P/P0< 0.30.

Narrow microporosity of nanocomposites was evaluated by the
CO2 adsorption isotherms at 273 K in the relative pressure range from
0 to 0.03 in the TriStar II 3030 (micromeritics). The micropore
volume was calculated attending to the Dubinin−Radushkevich
model.45

Thermal gravimetric analyses (TGA) were performed on a SDT
Q600 apparatus (TA Instruments, Madrid, Spain) under a flow of 20
mL/min of oxygen and a heating rate of 15 K/min from room
temperature to 1173 K.

CO2 Adsorption Gravimetric Measurements. We used a high-
pressure sorption analyzer (ISOSORP GAS LP-flow, Rubotherm)
with a magnetic suspension balance (MSB) to measure the CO2 and
N2 adsorption capacities (mmol/g). The balance covers a weight
range up to 10 g with a precision of 10−5 g. In addition, it can operate
in a wide range of temperatures (from room temperature to 150 °C)
and pressures (from 10−3 mbar to 25 bar). The buoyancy effect was
corrected before the adsorption experiments by using an inert gas
(He). He gas is flowed through the sample (from 1 to 20 bar) after
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degasification at 10−3 mbar and 333 K. CO2 and N2 adsorption
isotherms were performed at 300 K. The estimated uncertainties (u)
of equilibrium measurements are u(P) = 0.01 bar, u(T) = 0.1 K, and
u(adsorption capacity) = 0.002 mmol·g−1. The reversibility of the
CO2 desorption process was tested by pressure swing. The volume gas
flow fed through the loaded sample (100−150 mg) was 100 N mL/
min.46 After the CO2 and N2 adsorption, the equipment records the
mass gained at each time, which has to be corrected. The sample is
considered totally saturated when the weight change is less than 0.02
mg/h. The amount of CO2 or N2 adsorbed, qe is quantified in terms of
millimoles of N2 or CO2 per mass of the adsorbent material after
degasification: qe = (m/M)/mmaterial.
We calculate the CO2 selectivity using the ideal adsorbed solution

(IAS) method11,47

q q

p p

/

/CO /N
CO N

CO N
2 2

2 2

2 2

α =
(1)

where αCO2/N2 is the CO2 selectivity and qCO2 and qN2 represent the
adsorption capacities (mmol/g) of CO2 and N2, respectively, obtained
from the gas−solid isotherms at the corresponding CO2 and N2

partial pressures pCO2 and pN2.
The mass transfer kinetic of the gas−solid adsorption was

quantified by means of a pseudo-second-order model, reported by
Ho and McKay,48 successfully applied to heterogeneous adsorbents in
previous works49,50 and described by the following linear equation

t
q K q

t
q

1

t 2 e
2

e

=
·

+
(2)

where qt and qe are the adsorbent capacity at each time (t) and at the
equilibrium respectively (mmol/g) and K2 represents the pseudo-
second-order kinetic adsorption constant (g/mmol·min).

■ RESULTS AND DISCUSSION
Chemical Characterization of Polyaniline−Graphene

Oxide Nanocomposites. The C 1s core-level spectra are
plotted in Figures S1 and S2 of the SI. Spectra present
asymmetric lines that can be fitted to three functions. Table 1
collects the binding energy values of each component. The
percentage of each component is calculated from the resulting
area. For comparison, data corresponding to graphene oxides
(GO) and (NSGO)36 are also in Table 1.
Results in Table 1 show the three components of C 1s

emission for neat graphene oxides centered at 284.8, 286.4,
and 287.9 eV. These peaks were previously assigned51 to C−C
bonds in aromatic networks, to C−O bonds in alcohol or
epoxy groups, and to COO− groups, respectively.36,52 The
percentage of functional groups depends on the nature of the
starting material. In PANI nanocomposites a fourth peak
centered at 285.6 eV is assigned to the C−N bond.53 Besides, a
new band ascribed to the N 1s core-level spectrum also appears
(see Figure S2 of the SI). The N 1s spectrum is an asymmetric

Table 1. Values of Binding Energies and Percentages of Different Groups for Nanocomposites with Polyaniline Obtained from
XPS Measurements

sample C 1s emission max. binding energy (eV) atomic composition (%) N 1s emission max. binding energy (eV) atomic composition (%)

GOa CC 284.8 51 ± 3
C−O 286.4 42 ± 2
COOH 287.9 7 ± 0.4

NSGOa CC 284.8 42 ± 2
C−O 286.4 44 ± 2
COOH 288.4 14 ± 1

PANI−GO CC 284.6 64 ± 4 N 398.3 32 ± 2
C−N 285.6 20 ± 1 −N 399.4 19 ± 1
C−O 286.7 12 ± 0.5 −N+ 400.7 39 ± 2
COOH 288.0 4 ± 0.2 N+ 402.3 10 ± 0.8

PANI−NSGO CC 284.7 69 ± 4 N 398.3 33 ± 2
C−N 285.6 13 ± 0.8 −N 399.4 13 ± 1
C−O 286.7 14 ± 0.8 −N+ 400.7 43 ± 2
COOH 288.0 4 ± 0.2 N+ 402.3 11 ± 0.7

aData taken from ref 36.

Figure 1. (A) FTIR spectra of PANI−graphene oxide nanocomposites: NSGO (line 1), PANI−NSGO (line 2), GO (line 3), and PANI−GO (line
4). (B) X-ray diffractograms of GO and NSGO (line 1), PANI−GO (line 2) and PANI−NSGO (line 3). For the sake of clarity, spectra were
vertically shifted.
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band that fits acceptably to four functions centered at 398.3,
399.4, 400.7, and 402.3 eV. The position and percentage of the
different groups are collected in Table 1. These peaks were
previously observed for polyanilines and ascribed to imine,
amine, charged amine, and charged imine moieties respec-
tively.54 Data in Table 1 clearly show that the main difference
between the composites is the percentage of −N and −N+:
19% and 39% for PANI−GO and 13% and 43% for PANI−
NSGO. The appearance of the N 1s spectrum characteristic of
polyaniline and the peak of C−N bonds in C 1s core-level
spectra unequivocally demonstrates formation of hybrid
materials between graphene oxides and PANI. Besides, the
percentage of both C−O and COOH groups in nano-
composites decreases compared with those of graphene oxides.
This fact evidences that the interactions between graphene
oxides and PANI are through those functional groups.

Simultaneously, the percentage of Csp
2 increases after

functionalization due to the aromatic groups of PANI. This
is an additional argument to prove the functionalization of
graphene oxides with the polymer PANI.
The chemical composition was also analyzed recording the

FTIR spectra of polyaniline−graphene oxide nanocomposites.
Spectra are collected in Figure 1A.
Bands centered at 1632, 1461, and 1376 cm−1 in Figure 1A

are assigned to the stretching of aromatic CC, NN, and
C−N bonds, respectively. The peak centered at 1632 cm−1

confirms the existence of aromatic groups of graphene oxide in
nanocomposites, while bands assigned to NN and C−N
bonds indicate the presence of imine and amine groups55 in
nanocomposites detected by XPS. Peaks centered at 1260 and
1120 cm−1 are assigned to the stretching of protonated amine
and imine groups, respectively,56−58 produced during the

Figure 2. SEM images of (a) PANI−GO, (b) PANI−NSGO, (c) MG−GO, and (d) MG−NSGO.

Table 2. Values of Binding Energies and Percentages of Different Groups for Nanocomposites with Fe3O4 Nanoparticles
Obtained from XPS Measurements

sample C 1s emission max. binding energy (eV) atomic composition (%) O 1s emission max. binding energy (eV) composition (%)

GOa CC 284.8 51 ± 3 CO 531.2 16 ± 0.8
C−O 286.4 42 ± 2 C−O 532.7 66 ± 3
COOH 287.9 7 ± 0.4 O−H 533.4 17 ± 0.7

NSGOa CC 284.8 42 ± 2 CO 531.2 31 ± 2
C−O 286.4 44 ± 2 C−O 532.7 52 ± 3
COOH 288.4 14 ± 1 O−H 533.4 17 ± 1

MG−GO CC 284.8 76 ± 4 O−Fe 530.1 65 ± 3
C−O 286.2 18 ± 1 CO 531.6 25 ± 1
COOH 287.7 6 ± 3 C−O 532.6 9 ± 0.8

O−H 533.8 1 ± 0.5
MG−NSGO CC 284.8 68 ± 4 O−Fe 530.1 67 ± 3

C−O 286.2 23 ± 1 CO 531.6 23 ± 1
COOH 287.7 9 ± 2 C−O 532.6 9 ± 0.6

O−H 533.8 1 ± 0.4
aData taken from ref 36.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.9b02035
ACS Sustainable Chem. Eng. 2019, 7, 12464−12473

12467

http://dx.doi.org/10.1021/acssuschemeng.9b02035


synthesis at the acidic medium. In summary, the FTIR and
XPS results show the presence of polyaniline groups on the
nanocomposites.
An important property of layered solids with potential

applications in gas adsorption is the interlayer structure.
Therefore, we recorded the X-ray diffractograms (XRD) of
materials (Figure 1B) to study the effect of functionalization
on the interlayer distance of graphene oxides layers.
Diffractograms of graphene oxide synthesized from graphite

(GO) and from carbon nanofibers (NSGO) are quite similar.
Therefore, Figure 1B represents the diffractogram of GO. It
presents two characteristics peaks at 10.05° and 42.90°. The
interlayer distance value calculated from Bragg’s law was 0. 43
nm, in excellent agreement with data in the literature.59−61

Diffractograms of nanocomposites present a new peak at 26°
assigned to the (200) crystal plane of PANI.62 Moreover, the
diffraction peak of graphene oxide disappears. This fact was
previously reported and attributed to the GO exfoliation
during the polymerization process of aniline.62

Figure 2a and 2b shows the surface morphology of PANI−
GO and PANI−NSGO obtained by SEM. Images display
PANI covering the nanocomposite without apparent mesopore
or macropore signs.
Chemical Characterization of Fe3O4 Nanoparticles−

Graphene Oxide Nanocomposites. Figures S3 and S4 of
the SI collect the C 1s and O 1s core-level spectra of Fe3O4
nanoparticles−graphene oxide nanocomposites. The C 1s
core-level spectrum is an asymmetric peak that fits to three
components. The O 1s spectra of nanocomposites fits to four
peaks, while three components are good enough to interpret
the O 1s core-level spectra of graphene oxides. Table 2 collects
the maximum position and the percentage of the different
species.
Results in Table 2 show that the O 1s peak of neat graphene

oxides can be fitted to three components centered at 531.2,
532.7, and 533.4 eV. These peaks were previously reported63

and assigned to CO, C−O, and OH bonds in COO−

groups, respectively. After functionalization with Fe3O4
nanoparticles, XPS results show a sharp decrease on the
percentage of C−O and O−H and a new peak at 530.1 eV
assigned to O−Fe bonds.64,65 Accordingly, XPS results indicate
that the Fe3O4 nanoparticles grafted onto graphene oxide
sheets through O−Fe bonds of epoxy groups. Finally, the Fe
2p XPS spectra of the nanocomposites (see Figure S5 of the
SI) exhibit two peaks at 711.2 and 725.1 eV corresponding to
Fe 2p3/2 and Fe 2p1/2, respectively,

66−68 the asymmetric band
centered at around 711 eV, and the satellite peak at 719.5 eV,
revealing the existence of γ-Fe2O3.

67 From XPS results we
conclude that the synthesis method drives to nanocomposites
of graphene oxides and Fe3O4 nanoparticles. Figure 2c and 2d
shows the surface morphology of MG−GO and MG−NSGO,
respectively; the SEM images display a nearly uniform
distribution of Fe3O4 on the surface. TEM images of MG−
GO and NSGO (Figure S6 of the SI) were presented to
determine the size of Fe3O4 nanoparticles. TEM images clearly
show graphene oxide sheets coated with Fe3O4 nanoparticles
of diameter around 10 nm.
The FTIR spectra of Fe3O4 nanocomposites are depicted in

Figure 3A. As can be seen in Figure 3A, the most important
change after functionalization with Fe3O4 is the new band
located at 582 cm−1 assigned to the stretching vibration of O−
Fe bonds.69 On the other hand, a significant decrease of the
intensity of the CO and C−O bands at 1720 and 1050 cm−1

is observed. A new band centered at 1585 cm−1 appeared in
the FTIR spectrum after functionalization. This band has been
previously reported and assigned to bonds between carboxylate
head and metal atom.70 All results evidence the formation of
bonds between different O groups of graphene oxides and iron
atoms of Fe3O4 nanoparticles.
X-ray diffractograms of nanocomposites of graphene oxides

and Fe3O4 present new peaks centered at 30.3°, 35.8°, 43.5°,
53.8°, 57.8°, and 63.1°, Figure 3B. These peaks were assigned

Figure 3. (A) FTIR spectra of MG−graphene oxide nanocomposites: GO (line 1), MG−GO (line 2), NSGO (line3), and MG−NSGO (line 4).
(B) X-ray diffractogram of GO and NSGO (line 1), MG−GO (line 2), and MG−NSGO (line 3). For the sake of clarity, spectra and the
diffractogram of GO in Figure 3B are vertically shifted.

Table 3. Pore Structure Parameters Obtained by the Dubinin−Radushkevich Modela

GO MG−GO PANI−GO NSGO MG−NSGO PANI−NSGO
ABET (m2/g) <5 157 <5 <5 248 42
Vmp (cm

3/g) 0.020 0.068 0.112 0.018 0.053 0.113
E0 (kJ/mol) 5.4 10.3 11.4 7.0 10.9 11.4
qe (mmol/g) 0.039 0.643 1.35 0.038 0.495 1.275
K2 (g/mmol·min) 8.20 1.28 0.04 7.41 3.45 0.05

aThermodynamic and kinetic parameters obtained by fitting the CO2 kinetic adsorption curves (300 K and pCO2= 1 bar) to eq 2.
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to (220), (331), (400), (422), (511), and (440) reflections of
the pure cubic spinel crystal structure of Fe3O4 nanoparticles.

64

In summary, XPS, FTIR, and XRD results confirm the
functionalization of graphene oxides with Fe3O4 nanoparticles
and demonstrate the interactions between components
through the O−Fe bonds.
Porous Structure. The surface area and micropore volume

of materials were obtained from the adsorption−desorption
isotherms of N2 (77 K) and CO2 (273 K), respectively (see
Figure S7 of the SI). Table 3 shows the surface area (ABET)
values calculated from N2 adsorption isotherms and the BET
equation. The micropore volume (Vmp) and the characteristic
energy of adsorption (E0) values calculated from CO2
isotherms and the Dubinin−Radushkevich model are shown
in Table 3. See details in section 2 and Figure S8 of the SI.
Table 3 clearly shows that graphene oxides, GO and NSGO,

present low values of surface area (ABET) and micropore
volume (Vmp), which may anticipate a low CO2 retention
capacity. However, functionalization with PANI or Fe3O4
nanoparticles significantly increases the porosity and micro-
pore volume of graphene oxides. Results in Table 3 also show
that the micropore volume is significantly higher for PANI−
nanocomposites than for the Fe3O4. This behavior is expected
since polymers highly functionalized with amine and/or π-
conjugated bonds render high micropore volume.71,72

It is also important to notice that Vmp values increase after
functionalization: 82% for PANI−GO, 84% for PANI−NSGO,
70% for MG−GO, and 66% for MG−NSGO. On the other

hand, the low values found for the adsorption energy values
(5−12 kJ/mol) suggest a physisorption mechanism for all
nanocomposites.73 Results in Figure S9 of the SI indicates that
the distribution of pore diameter for PANI nanocomposites is
almost independent of graphene oxide structure, while small
differences are detected for Fe3O4 nanocomposites above 8 Å.

CO2 Adsorption in Prepared Nanocomposites. Figure
4A and 4B presents the CO2 isotherms of the nanocomposites
and the benchmark graphene oxides (GO and NSGO)
measured by gravimetric analysis at 300 K and the pressure
range of 1−20 bar. As can be seen graphene oxides obtained
from graphite (GO) and carbon nanofibers (NSGO) present a
low amount of CO2 adsorbed at different pressure conditions,
in good agreement with their low surface area and almost null
microporosity. However, functionalization with Fe3O4 nano-
particles increases the total amount of adsorbed CO2 to reach
2.3 mmol/g for MG−GO and 2.0 mmol/g for MG−NSGO at
20 bar of pressure. Finally, incorporation of polyaniline in
graphene oxides sheets further increases the CO2 adsorption
capacity until 3.2 mmol/g for PANI−GO and to 2.5 mmol/g
for PANI−NSGO nanocomposites at 20 bar of CO2. From our
results, the capacity of nanomaterials to capture CO2 increases
as follows: PANI−GO > PANI−NSGO > MG−GO > MG−
NSGO > GO > NSGO.
If we analyze the ratio between the CO2 retention capacities

of nanocomposites compared to pure graphene oxide, we find
that for MG−NSGO and PANI−NSGO it is, respectively, 20
and 25 times the CO2 adsorption capacity of NSGO (from 0.1

Figure 4. (A and B) Adsorption isotherms of CO2 in nanocomposites based on (A) (GO) and (B) (NSGO) at 300 K. Filled symbols represent the
pressure increase and empty symbols the pressure decrease. Lines are visual guides. (C) Variation of the CO2 adsorbed on nanocomposites at 1 bar
of CO2 partial pressure and 300 K. Solid line corresponds to linear fit of the experimental data. (D and E) Cycles of CO2 adsorption (303 K and 1
bar of CO2 partial pressure) and desorption (333 K and 1 bar of N2 partial pressure) for (D) PANI−GO and (E) MG−NSGO.
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mmol/g NSGO to 2.0 and 2.5 mmol/g for MG−NSGO and
PANI−NSGO, respectively). These ratios are somewhat lower
for MG−GO and PANI−GO, 9.2 and 12.8 times, respectively,
the CO2 uptake of GO (from 0.25 mmol/g for GO to 2.3 and
3.2 mmol/g for MG−GO and PANI−GO, respectively) but in
any case much higher than the increase of 3 or 4 times
presented in the literature for graphene composites.29,30

We analyzed the micropore volume dependence of the CO2
adsorption capacity in Figure 4C. Results show a nearly linear
dependence between the CO2 adsorption capacity (measured
at 1 bar) and the micropore volume corresponding to
micropores with pore diameter values below 15 Å. Similar
linear dependence was previously reported10 in gas adsorption
by adsorbents with pores diameter < 15 Å. This condition is
fulfilled in all of our systems, as indicated from analysis of the
pore diameter distribution (Figure S9 of SI). Therefore, our
results prove that the nanocomposites of graphene oxides with
Fe3O4 nanoparticles or polyaniline drives to an increase of the
micropore volume, which seems to be responsible for the
increase of the CO2 adsorption capacity. The low values (5−12
kJ/mol) of characteristic adsorption energy (E0 collected in
Table 3), the easily exhausted adsorbent regeneration (white
symbols in Figure 4A and 4B), and the adsorption capacity−
micropore volume linear relationship (Figure 4C) indicate that
the CO2 adsorption on tuned graphene oxides with PANI and
Fe3O4 is mainly driven by a physisorption mechanism.
Looking at the role of the graphene oxide sheets, when the

second component is polyaniline, composite with GO has a

slightly higher CO2 retention capacity than the composite with
NSGO. In that case, these differences seem to be related to the
higher functionalization degree of this composite. This major
functionalization degree can be visualized by the higher
percentage of C−N bonds obtained by XPS for composites
based on GO than for composites prepared with NSGO.
Taking into account that the total atomic contents of C/N/O
are 87.6/6.4/6.0 for PANI−GO and 87.3/6.6/6.1 for PANI−
NSGO, as the ratios N/C in both PANI composites are
similar, we can say that the amount of C−N bonds is higher in
PANI−GO than in PANI−NSGO. This behavior is likely due
to the larger size of GO nanoplatelets, 82536 against 106 nm
NSGO.36 Besides, the percentage of neutral amines (XPS) is
higher for PANI−GO (19%) than for PANI−NSGO (13%)
composites. This fact seems to providea higher micropore
volume71,72 and a greater basic character to GO composites
favoring the CO2 retention due.23 In the case of nano-
composites with Fe3O4 nanoparticles, the micropore volume is
slightly greater for MG−GO than for MG−NSGO. The atomic
content of C/N/O/Fe in samples with Fe3O4 is MG−GO
31.9/2.0/48.1/18.0 and MG−NSGO 23.9/1.9/54.1/20.0. The
ratio O/C is larger in Fe3O4 composites than in the composites
with PANI, even subtracting the O atoms joined to Fe; we can
say that these samples are more oxidized, which agrees with the
lower micropore volume and slight enlargement of the pore
sizes (see Figure S9 of SI).74

A main challenge in adsorbent design is to attain high CO2
adsorption capacity (>2 mmol/g at pCO2 = 0.15 bar).11 The

Figure 5. (A and B) Adsorption isotherms of N2 in nanocomposites based on (A) graphite(GO) and (B) (NSGO) at 300 K. (C and D) Variation
of CO2/N2 selectivity with pressure at 300 K for nanocomposites based on (C) graphite (GO) and (D) carbon nanofibers (NSGO). Lines are
visual guides.
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comparison to reported CO2 adsorption capacity of common
adsorbents at 1 bar of CO2 partial pressure (see Table S1 in
SI) describes the synthesized nanocomposites as CO2
adsorbents with reasonable capacity (PANI−GO 1.31 mmol/
g; PANI−NSGO 1.27 mmol/g) but still far from expected
target value for an effective CO2 sorbent.

11

Concerning recyclability, we obtain the same gas uptake
when the pressure is decreased (empty symbols in Figure 4A
and 4B). This indicates that the CO2 adsorption in these
composites is a reversible process, which happens without loss
of adsorption capacity. In addition, several cycles of CO2
adsorption−desorption with nanocomposites were performed
at 1 bar at 303 K for the adsorption and 333 K and a N2 flow
for the desorption. As can be seen in Figure 4 D and 4E, the
CO2 adsorption capacity of PANI−GO and MG−NSGO is
preserved upon successive cycles; identical behavior is
observed for all of the prepared nanocomposites. The efficient
regeneration of exhausted adsorbents by pressure swing and
stripping together with the high thermal stability (see the TGA
curves in Figure S10 of the SI) indicates a favorable
recyclability of the prepared nanocomposites in the CO2
capture process.
An important aspect to evaluate in a suitable CO2 adsorbent

is the CO2/N2 selectivity. Therefore, we evaluate the CO2/N2
selectivity for all materials at 300 K by recording the N2
adsorption isotherms at 300 K (Figure 5A and 5B) using eq 1
(IAST method by simulating bulk gas loading)11 for the case of
pCO2 = pN2 in the range of studied pressures.
The N2 adsorption capacity on nanocomposites follows a

similar trend to that of CO2 but with much lower N2 uptakes
than for CO2. Figure 5C and 5D shows the variation of the
CO2/N2 selectivity with the gas partial pressure. The CO2/N2
selectivity values are in the range of 2−21 almost independent
of composition. This means that in all nanocomposites the
CO2 adsorption is selectively favored. Considering a more
realistic scenario corresponding to a postcombustion flue gas
(pCO2 = 0.15 bar and pN2 = 0.85 bar), the obtained IAST CO2/
N2 selectivity values of prepared nanocomposites should be
improved for an effective retention.11

Another important parameter in adsorption processes is the
mass transfer rate. The rates of the gas−solid adsorption were
evaluated by measuring the kinetic curves of CO2 uptake in
nanocomposites at 300 K and 1 bar (see Figure S11 in the SI).
The kinetic curves were fitted to a pseudo-second-order
model48 (eq 2). Table 3 collects the best fitting parameters.
It is important to note that the adsorption capacity at

equilibrium values (qe) calculated from kinetic measurements
and from the experimental equilibrium coincides with each
other (see Figure S12 of the SI). On the other hand, our results
show that the kinetic constant value, K2, depends on the
adsorbent and decreases as the micropore volume and
adsorption capacity increases (see Figure S13 of the SI).
This behavior is consistent with the effect of stronger mass
transfer resistance in more microporous materials.75 K2 values
for nanocomposites based on graphene oxides are higher than
the values reported elsewhere for commercial CO2 adsorbents
at similar operating conditions.50

■ CONCLUSIONS
We synthesized nanocomposites based on graphene oxides of
different chemical composition with polyaniline or Fe3O4
nanoparticles for CO2 retention. Our results demonstrated
that the CO2 adsorption capacity significantly increases with

the micropore volume. Besides, the highest micropore volume
is reached when graphene oxides are coated with the polymer
PANI. We also proved that larger graphene oxide sheets favor
the microporosity of the adsorbent and consequently increase
the CO2 retention. Finally, composites based on graphene
oxides present good adsorption capacity and CO2/N2
selectivity, fast kinetics, and good thermal stability and
recyclability according to the benchmark industrial check-
points. On the other hand, our results proved that even though
substitution of graphene by graphene oxide in nanocomposites
does not improve the CO2 adsorption capacity, it improves the
recyclability of materials, avoiding the use of very high
temperatures for cyclic use. Results also proved that it is
possible to modulate the adsorption capacity of nano-
composites by modifying both the graphene oxide structure
and the nature of the second component. This strategy can be
presented as a good methodology to modulate efficient CO2
adsorbents.
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(36) Loṕez-Díaz, D.; Loṕez Holgado, M.; García-Fierro, J. L.;
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