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Abstract

Carbon dioxide (COy) is the primary factor considered to be responsible for global warming. CO2 capture technology has been
considered an important issue to decrease greenhouse gas emissions. The current research investigates the functionalization of Multi-
Wall Carbon nanotubes (MWCNTSs) by Ethylenediamine (EDA) solution which is used for CO2 capture at various operating
conditions. Surface functionality groups and morphology of MWCNTSs and physical properties were analyzed by X-ray diffraction
(XRD), Fourier Transforms Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM), surface area Brunauer Emmett and
Teller (BET). The physical and chemical properties of CNTs have changed after the functionalization process, which enhances
MWCNTSs adsorption for CO2 gas. According to the study's results, during the functionalization process, amine groups bound to
carbonaceous surfaces created CO2 adsorption sites on multi-walled CNTSs, increasing the adsorption capacity of MWCNTSs. The CO2
adsorption capacity was determined by volumetric technique at temperatures from 309 to 333 °K and a pressure of 1 to 7 bar. The
exothermic nature of the adsorption process was indicated by the decreasing of CO2 adsorption capabilities via MWCNTSs and
MWCNTs-EDA with temperature rising. The results showed that the MWCNTSs-EDA are a potential low-temperature adsorbent
for COz capture. In addition, 0.6968 mmol g~ of CO2 was adsorbed by MWCNT-EDA at 309 °K, while raw MWCNT adsorbed only

0.3428 mmol g at the same condition.

Both the Freundlich and Langmuir adsorption isotherms were used to model the

experimental data, with the conclusion being that the Freundlich model fits the data well.
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1- Introduction

Climate change has been significantly impacted by the
dramatic increase in greenhouse gas emissions in the past
decade. As science and technology advance, human
activity is placing a growing strain on the environment,
requiring the development of new approaches for
preventing environmental disasters [1, 2]. In recent years,
there has been a global increase in awareness of the need
to reduce carbon dioxide (CO,) emissions from the
production of energy and other manufacturing processes
[3]. Industrial byproducts, such as the manufacture of
synthesis gas, natural gas sweetening, and flue gases from
fossil fuel-fired power plants, industrial furnaces, cement
plants, engine exhausts, and lime kiln exhausts, are the
main sources of CO; [4]. Although opinions on the causes
of environmental issues and global warming vary, many
scientists agree that the majority of environmental issues
are caused by greenhouse gas emissions. Of all the
greenhouse gases produced by humans, CO; is the most
significant. Carbon dioxide emissions are responsible for
around 60% of the consequences of global warming [5].
One of the most critical environmental problems facing
humanity is the rising atmospheric CO, level, which has
risen by 100 parts per million since the beginning of the

industrial revolution. Therefore, as a way of maintaining
atmospheric CO; at a level that may reduce the global
climate impact, many technologies for CO. capturing
from flue gas are being investigated globally [6]. Various
methods such as chemical absorption, physical
absorption, and membrane separation have been
suggested for CO, capture. Consequently, there has been
a growing interest in novel materials and technology for
CO; capture and storage within the past ten years [7].
Among the most promising approaches to the potential for
regenerating used adsorbents is the adsorption method
employing solid sorbents. In order to reduce the impact of
CO, emissions on global warming effect. With its low
cost and great efficiency, adsorption separation is
considered a promising approach for separation. In this
regard, a wide range of recognized and novel nonporous
materials, such as carbon nanotubes (CNTS), activated
carbons, metal-organic frameworks (MOFs), and zeolites,
have been developed and investigated. Specifically, have
large specific surface areas and significant adsorptive
affinities. These characteristics, when combined with the
superior transport qualities of CNTs, may further enhance
the adsorption potential of CNTs for CO; collection. [8].
Comparing CNT to amorphous carbons and activated
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carbon fiber, it has a higher CO, /CH, selectivity and a
superior adsorption capacity for CO, at ambient
temperature and atmospheric pressure.

Over the past ten years, there has been a lot of interest
in gas adsorption using carbon nanotubes (CNTS).
Because of their clearly defined morphology and surface
features, CNTs provide excellent model systems [9].
Furthermore, several methods can be used to change the
functionalization of their chemical surface including
supramolecular complexation, exohedral and endohedral
functionalization, defect and sidewall functionalization,
and covalent and noncovalent functionalization [10].
These important characteristics enable quick reaction
kinetics, effective regeneration, and easily adjustable
properties, which make these materials a desirable class
of gas adsorbents for both theoretical and practical uses
[11]. CNTs offer exceptional mechanical, electrical, and
thermal capabilities because of their special structure.
They are among the most promising carbon-based
adsorbents due to their huge specific area, lightweight,
well-defined structure, and reproducibility [12].

Multiwalled carbon nanotubes (MWCNTS) have been
evaluated for their ability to adsorb CO, from flue gases
[9]. Discovering that, in comparison to zeolites or
granular activated carbons, they can exhibit higher CO,
adsorption capabilities following the appropriate chemical
modification. Furthermore, it has been discovered through
experimentation that carbon nanotubes' electrical
resistance is susceptible to the adsorption of gaseous
molecules, such as those generated during the combustion
of fossil fuels [13]. Ethylenediamine is preferred among
amine molecules because it can act as a medium for
attaching various substances to carbon nanotubes (CNTSs).
The diamine is made up of two amino groups (-NH2)
present; one can bind to carbon nanotubes (CNTSs), while
the other can bond to other functional groups [14]. The
adsorption capacity of carbon nanotubes has already been
increased using different amines. The aim of this work is
to modify MWCNTSs using ethylenediamine (EDA), and
then test the adsorption capacity for CO..
ethylenediamine, which is readily available, is less
expensive than other amines and hasn't been employed in
the amine functionalization process yet. The multiwall
carbon nanotubes were characterized using XRD, BET,
SEM, and FTIR. Also, investigate the effect of bed weight
and flow rate on the adsorption process performance.

2- Experimental work

2.1. Materials and equipment
In the present work, different materials are used to
functionalize multi-wall carbon nanotubes are shown in

Table 1.

Table 1. Laboratory used material

Material Company Purity %
MWCNT, cheap tubes 90

EDA Thomas Baker (Chemicals) 99
Toluene scharlau chemicals 98.8
Deionized water / 100
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2.2. Functionalization method

The functionalization of MWCNTSs has been done by
dispersing 200 mg of carbon nanotubes into a flask
containing ethylenediamine, EDA (10 mL of 99%
EDA+150 mL of 99.8% toluene+3.2 mL of deionized
H>0). The mixture was then refluxed for 2 hours at 100
°C. Once the mixture had reached room temperature, it
was filtered using 45 pm filter paper. The resulting solid
was then dried in an electrical oven (Gallenhamp Size
Two INCUBATOR model IH-100, Germany) at 100 °C
for eight hours [14].

2.3. Adsorption equilibrium isotherm apparatus and
method

Fig. 1 shows a schematic diagram of the apparatus. All
3/8-inch copper tubes were joined together using fittings.
The reservoirs and adsorption chamber were made of iron
sample cylinders with a volume of around 20 cm® A
Helicoid gauge, with a range of 0 to 200 psig, was used to
measure the gas pressure. Its accuracy was 1% and its
sensitivity was 0.02% of the full scale throughout. In
order to maintain a constant temperature, the reservoir
and adsorption chamber were submerged in water [15].

2.3.1. Procedure of equilibrium isotherm process

All equipment was evacuated by a vacuum pump (675
mmHg, power 100w, output airflow 26 LPM, Sparmax,
tiwan) after each experiment. The feed gas was supplied
with a gas cylinder controlled with a pressure regulator
(Excel Instrument, EN 837-1, and India. The adsorbent
was placed into the adsorption vessel to regenerate the
adsorbent (carbon nanotubes) and evacuated for one hour
under a vacuum pump. Without affecting the adsorbents,
this pre-treatment enabled the measurements of
adsorption. Following the pretreatment of the adsorbent,
the vacuum pump was turned off. The water bath with the
electrical hot plate (type Heidolph MR Hei-Tec,
Germany) was turned on until the temperature reached a
steady state. Through valve V1, carbon dioxide gas was
introduced into the reservoir chamber until a sufficient
concentration was attained, then V1 closed, and the
concentration was measured. Following that, valve 2 was
opened, enabling the system to establish equilibrium.
Using a mass balance, the amount of gas adsorbed at
equilibrium was calculated. The mass balance can be
written as follows:
CriVr=CrfVr+Crf goVat+Wq Q)

Where W is the weight of the adsorbent in the adsorber
vessel (g), €o is the overall bed void fraction, V is a
volume (1), C is a concentration (mmole/l), and q is the
adsorbent loading at equilibrium (mmole/g). The reservoir
vessel, adsorber vessel, initial state, and final condition
are denoted by the subscripts r, a, i, and f, respectively.
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Fig. 1. Schematic diagram of apparatus used for adsorption equilibrium measurement procedure

2.4. Adsorption kinetics and pressure swing adsorption
(PSA) procedure

Fig. 2 shows a schematic diagram of the apparatus. All
3/8-inch copper tubes were connected with a fitting. An
iron pipe with an ID of 3.5 cm and a length of 65 cm was
used as the adsorption column. Steel mesh is used to hold
the MWCNTSs in the adsorption column. For measuring
the process pressure, a gauge pressure was attached to the
top of the column. A rotameter was used to measure the
inlet gas flow rate, while a gas analyzer was used for
determining the outlet gases. The adsorbent regenerate
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(carbon nanotubes), was placed into the adsorption vessel
and evacuated under a vacuum pump for one hour. After
the adsorbent pretreatment, the vacuum pump was turned
off. The adsorption process was then started by
introducing carbon dioxide and nitrogen (10/90 v/v), the
flow rate of the inlet gases measured by a rotameter, and
then allowing the gases to enter the mixer column and
adsorption column. Until equilibrium was reached, the
gas analyzer (Geotechnical Instruments, BIOGAS 5000,
UK, 1SO17025 certified) periodically (every 5 seconds)
examined the exit gas from the adsorption column.
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Fig. 2. Schematic Diagram of Apparatus Used for Adsorption Kinetics
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2.5. Characterization of adsorbent samples test
1. X-Ray Diffraction

X-ray diffraction is used to determine the phase
purity and material crystallinity for MWCNT and
functionalize MWCNT. X-ray diffraction analysis
was carried out using X-ray diffractometer type
Shimadzu 6000, Japan.

Fourier Transforms Infrared Spectroscopy (FTIR)
The FTIR analysis was done to investigate the
structure of MWCNT. Analysis was carried out using
the device of Sigmadzu 8400S type with wave
number range (400-4000cm-1).

Scanning Electron Microscopy (SEM)

The SEM analysis was done to investigate the
Morphology and particle size of MWCNT. Analysis
was carried out using the device of Tescan MIRA 11/
Czech.

Surface Area and Pore Volume (BET)

The surface area analyzer manufactured by
Thermo/USA was used to measure the surface area
and pore volume of the MWCNT,, using the
Brunauer Emmett and Teller (BET) method.

3- Result and discussion

3.1. Characterization of MWCNT;
1. X-ray diffraction

Researchers used X-ray diffraction (XRD) analyses to
discover how the functionalization impacted the
crystallographic growth of MWCNTs [16]. The two
samples Fig. 3 and Fig. 4 show distinctive peaks situated
nearly in the same places, indicating that the crystalline
structures  remain  unchanged  throughout the
functionalization process. [17]. On the other hand, peaks
with nearly identical positions show varied intensities.
The graphite (002), (100), (004) and (110) lattice planes
correspond to the strong diffraction peak at 20 = 25.6°
and weak diffraction peaks at 26 = 42.9°, 51° and 78° of
MWCNTs. Sometimes there are additional peaks
connected to the metallic catalyst [14, 16, 19]. Peaks
between 38° and 50° that are likewise connected to
metallic catalysts such as Fe, Si, Al, and Co. A number of
chemical changes can reduce the crystalline degree of
CNTs. [18]. Any change in the crystallinity order of
MWCNT will cause the XRD peaks to become larger and
move the peak diffraction towards lower angles.
Therefore, the peak's sharpness at 25.6° has decreased,
indicating that the treated MWCNT's graphite structure
was treated without suffering severe damage. [20].
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26(°)
Fig. 3. XRD patterns for MWCNTSs
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2. Fourier transforms infrared spectroscopy (FT-IR)

The qualitative method for determining whether
functional groups are present in the MWCNT's surface is
Fourier transform infrared spectroscopy (FTIR). As
shown in Fig. 5 of the MWCNTs FTIR results, the
existence of bands at 3441 cm? and 1770-1697 cm
signifies the existence of vibrations involving O-H
stretching and C=0 stretching, respectively [23, 24]. The
C-N peaks appeared at 1338 and 1512 cm™ [14, 21, 22].
The C=C bond of the carbon structure of MWCNT is
given the peaks at 879-779 cm? and 1643-157 cm?,
while the C-O bond stretching peak is at 1149-1045 cm*
[20, 25, 26]. Fig. 6 of the MWCNT-EDA FTIR analysis
shows that the stretching frequencies of the C=C bonds,

T T T T T

50 60 70 80

20(°)
Fig. 4. XRD patterns for EDA-functionalized MWCNT

and the hydroxyl groups (O-H) are at 1622 and 3442 cm,
respectively. The amine-functionalized MWCNTSs show
an Al-O-Al peak at 474 cm™ and a number of peaks
between 2926 and 2854 cmt, which match the alkanes' C-
H stretching absorption bands [16, 22, 27]. The C=0
stretching of the carboxylic acid group is indicated by the
peak between 1749 and 1720 cm. Additionally, peaks at
3250, 1523, and 1438 cm? correspond to the N-H
bending of the amine and amide groups, respectively.
Stretch vibrations between carbon and nitrogen cause the
peaks at 1211 and 1340 cm™. The aromatic amine groups'
stretching mode caused the peak at 796-727 cm™. The C-
O stretching vibrations of the carboxylic acid group can
be attributed to the peaks 1093-1039 cm™ [25, 28- 30].
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Fig. 5. FTIR spectra of the pristine MWCNT
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Fig. 6. FTIR spectra of the EDA-functionalized MWCNT

3. Scanning electron microscopy SEM

Scanning electron microscopy (SEM) shows how
functionalization affected MWCNT;. The shape of the
MWCNT is unaffected during functionalization, as
demonstrated in Fig. 7 and Fig. 8 which display the
scanning electron micrographs of the pristine and
modified MWCNT,, respectively. It appears that
MWCNT is sufficiently strong to resist the
functionalization process since no evidence of destruction
or damage was found. Images of functionalized
MWCNTs showed more obvious ends than those of
unmodified MWCNTSs. That is because the lengths of
MWCNTSs were fragmented as a result of the walls being
etched by a modified process [25-27]. A picture of
MCNTSs-EDA Fig. 8 demonstrates that the multilayer
MWCNTSs structure has a homogeneous shape with
swelling in the tubular structure, which could be due to
the introduction of carboxyl groups and amine chains into
the pores. Can be noticed that the MWCNTS; surface is
partially covered with functional groups leading to a
decrease in the effective surface area for CO, adsorption
[31, 33]. As a result of the treatment, the MWCNTSs
structure transformed into agglomerates and layers [34].
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Fig. 7. SEM images of the pristine MWCNT
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Fig. 8. SEM images of the EDA-functionalized MWCNT
4. Surface area, pore volume, and pore size

Using nitrogen physical adsorption at liquid nitrogen
temperature, the BET (Brunauer, Emmett, and Teller)
method was used to estimate the surface area of both
pristine and functionalized MWCNT; [35]. The analysis
below Table 3 shows that the grafting of functional
groups into the surface of CNTs considerably changes the
porosity structure and pore size, leading to the adsorption
capacity increasing [17]. The difference between the
adsorbent's physical properties before and after
functionalization is shown in Table 2. After the
functionalization process, the surface area and pore
volume of MWCNT were significantly reduced. This
reduction is a result of nitrogen gas being unable to enter
some pores due to the development of amine groups
during modification. The results are not far from values
obtained by [14, 26, 27, 37]. The pure MWCNTSs had the
highest surface area and pore volume. It is found that the
main reason for the decrease in surface area and pore
volume in chemically modified MWCNTS, as compared
to their pristine, is the blockage of pore openings with
primary amine groups [31].
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Table 2. Structural properties of pristine and

functionalized MWCNT measured by BET technique

sample Surface Area Pore volume Pore Size
(m’.g™) (cm*.g™") (nm)

MWCNTs 281.315 1.42 20.23

MWCNT-EDA  196.37 1.122 22.86

3.2. COz adsorption

Experiments on adsorption were conducted at two
distinct temperatures (309 and 333 °K) and pressures (up
to 7 bar). Fig. 9 and Fig. 10 show the experimental CO,
adsorption isotherms for unmodified and functionalized
MWCNT;, respectively. The CO, adsorbed amount was
only a function of pressure at any given temperature. It is
obvious that temperature rising from 309 to 333 °K
reduced carbon dioxide capacity, for both MWCNT; and
MWCNT-EDA) adsorbents. Because of the exothermic
reaction and reduced chemical bonding between amino
groups and CO. molecules [9, 38, 39]. Functionalized
MWCNT has a greater capacity for adsorption of 0.6968
mmol/g at 309 °K than unmodified MWCNT at 0.3428
mmol/g over the investigated range of pressure and
temperature. This is despite the fact that following EDA
functionalization, the MWCNT's pore volume and surface
area are reduced. This behavior can be related to the
strong attraction that CO, molecules have at low pressures
for basic amine sites on the MWCNT-EDA and Lewis
acid sites. As a result, at low pressures, the amount of
CO; adsorbed increased quickly. The pore volume of
MWCNT decreased in the present study following
the amine functionalization, although this cannot indicate
a decrease in CO; adsorption. [7, 11, 40]. Adsorption
isotherms are widely used and effective methods for
estimating equilibrium data. These isotherms serve as the
basis for the design of adsorption systems. It is possible to
represent the amount of material adsorbed onto an
adsorbent as a function of pressure at constant
temperature using several adsorption isotherm models
[12, 13]. The Langmuir equation, which is based on the
three fundamental assumptions that adsorption cannot
proceed beyond monolayer coverage, adsorption sites are
equivalent, and sites are independent, is the most often
used isotherm equation for modeling the adsorption data,
and is given by the Eq. 2 [41, 42]:

g, = Imbace 2)

1+kpCe

Where ki is the adsorption equilibrium constant, Ce is
the equilibrium concentration of the adsorbate, ge is the
amount adsorbed at equilibrium, and gm is the maximum
monolayer adsorption uptake (mmole/g). To determine
the constants ki and gm Eg. 3 may be used to produce a
graph 1/ge against 1/Ce:

e ®

e AmkL qm

Eq. 4 provides the Freundlich adsorption isotherm. It is
an empirical equation that may be applied to non-ideal
sorption on heterogeneous surfaces and is not limited to
monolayer sorption [43]:

ge = kfCe'" 4

Where Ce is the equilibrium concentration of the
adsorbate, ge is the amount adsorbed at equilibrium, Ks is
the Freundlich constant, and n = the heterogeneity factor.
To determine the constants Kr and, the linear form of Eq.
4 may be used to produce a graph of Log (g.) against Log
(Ce) Eq. 5:

Log g.= Log Ks+ 1/n Log C, (5)

Reversible adsorption is indicated by the Freundlich
isotherm [44]. A nonlinear fit of isotherm models to
experimental data produced the isotherm parameters.
Table 4 lists the values of the Freundlich and Langmuir
isotherm parameters. The results presented here showed
that the adsorption process was exothermic, as evidenced
by the negative relationship between temperature and the
affinity between CO. and both adsorbents. This indicates
that at low temperatures, CO. adsorption on both
adsorbents is more desirable [45]. A better fit for
MWCNTs and modified MWCNTs was found by
employing the Freundlich isotherm after evaluating the
calculated coefficients (R? values in Table 3. The
comparatively fast adsorption of CO, on MWCNT-EDA
was an indication of the easily accessible adsorption sites
in comparison to MWCNTS. This may be the result of a
higher affinity between the functional groups and
adsorbate on the surface of the MWCNT-EDA adsorbent
[14, 16]. The standard deviation for MWCNT; Fig. 9 is
(0.081 at 309 k and 0.0438 at 333k), and for MWCNT;-
EDA Fig. 10 are (0.1775 at 309k and 0.1021 at 333k).

Table 3. Langmuir and Freundlich isotherm constants for adsorption of CO, on MWCNT and MWCNT-EDA samples

Iso therm Adsorbent Parameters Temperature (K)

309 333

Om 0.453 0.282

MWCNT;, ke 0.016 0.03
Langmuir R? 0.9809 0.9857
MWCNT-EDA Om 1.0711 0.6044

ke 0.01 0.013

R? 0.9876 0.988

MWCNT;, k¢ 0.02 0.033

n 1.767 2471
Freundlich R? 0.9963 0.9908
MWCNT-EDA ke 0.023 0.0194

n 1.497 161
R? 0.9914 0.9931
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3.3. Adsorption kinetics (Breakthrough Curves)
1. Effect of feed flow rate

CO: flow rate affection the breakthrough curve on raw
and functionalized MWCNT is shown in Fig. 11 and Fig.
12. The bed weight is 1.5 g and the flow rate change from
0.5 I/m to 1.5 I/m. The breakthrough curves were
modified as the gas flow rates increased, shifting them to
a shorter time. Using high flow rates minimizes the
contacting time of adsorbate with the adsorbent, which
allows adsorption to happen faster and results in an early
adsorbate breakthrough. Longer breakthrough periods are
also preferred because they reduce the frequency of
adsorbent particle regeneration, which has an impact on
process energy consumption and costs. This behavior has
been brought up by [46, 47]. The standard deviation
values are shown in Table 4.

2. Effect of bed weight

The weight of the adsorbent causes varying bed lengths
because the adsorption column's diameter remains
constant. Short bed lengths decrease the amount of
transfer area and minimize the contacting time of the
adsorbate with the adsorbent. As shown in Fig. 13 and

Fig. 14, the adsorption capacity for carbon dioxide
adsorption increases as bed length increases because an
increase in bed length results in an increase in the surface
area available for adsorption [48]. The standard deviation
values are shown in Table 4.
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Fig. 11. The effect of feed flow rate on the breakthrough

time for (10% CO2  90%N. at 309K

and 1.5 g for MWCNTs)
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1.2 =—4—05l/m —@—1l/m =—&—15I/m
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Fig. 12. The effect of feed flow rate on the breakthrough
time for (10% CO, 90%N, at 309K, and 1.5 g for
MWCNT-EDA)

12 —f—19 —M—159 =—A—2g

Cout/Co
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Fig. 13. The effect of bed weight on the breakthrough
time for MWCNT; (10% CO,, 90%N, at 309K, and 0.5
I/min of CO,)
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Fig. 14. The effect of bed weight on the breakthrough
time for MWCNT-EDA (10% CO;, 90%N, at 309K
and 0.5 I/min of CO,)

Table 4. Standard deviation values for breakthrough

curves

sample 0.5 1/m 15 1lg 159 29
I/m I/m

MWCNT 0.40 0397 041 0.403 0.384 0.379

MWCNT- 0367 0369 0395 0412 0367 0.368

EDA

4- Conclusion

Multi-walled carbon nanotubes (MWCNTS) have been
functionalized by using a mixture of ethylenediamine and
toluene. The SEM and XRD investigations revealed that
the MWCNTSs have enough strength to withstand amine
functionalization and the crystalline structures remain
unchanged throughout the functionalization process.
Therefore, after the amine alteration, MWCNTS' tubular
structure and crystallographic formation weren't damaged.
Carboxylic groups have been observed on the surface of
CNTs according to FTIR measurements. Additionally, the
results show that the structure of MWCNTS contains
amine functional groups, which increased MWCNTS' CO;
adsorption capacity over the whole pressure and
temperature range examined from 0.3428 mmol/g to
0.6968 mmol/g. The BET analysis verified that after the
modification process, carbon nanotubes' pore volume and
specific surface area decreased. Adsorption test results
indicated that, regardless of temperature or pressure,
MWCNT-EDA had greater CO. adsorption capacity
than pristine  MWCNTSs. In addition, CO, molecules
showed a higher reactivity towards amine groups.
Furthermore, the adsorption capability of MWCNT and
MWCNT-EDA reduced as the temperature increased. The
results have suggested that the Freundlich model fits the
experimental data more precisely.
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