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was prepared and further functionalized by amine functionalization, 3-aminopropyl-
triethoxysilane (APTES). GO was prepared using Modified Hummer’s Method followed
by functionalization with APTES. GO and APTES-GO were characterized using Fourier
Transmission Infrared Spectroscopy (FTIR), Raman spectroscopy, scanning electron
microscope (SEM), and N, adsorption isotherm. The N, adsorption capacity for APTES-
GO at 15 bar is the highest (179 mmol/g) compared to other lower pressures and
pristine GO at any pressure. FTIR analysis showed significant peaks at 1474 cm~! and
1440 cmindicating the presence of N-H and NH; groups, respectively.
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1. Introduction

Recently, issues on global warming have been widely discussed around the world. Increasing
amount of carbon dioxide (CO;) in the atmosphere, is mainly caused by fossil fuel combustion for
power generation [1] has led to global warming [2] and climate change [3]. Statistic shows that CO;
emission has elevated around 80 % between 1970 and 2004 which causes the concentration of CO;
in the atmosphere exceeds by 25 % as compared to 1950 [4]. Alarmingly, it is reported that the global
temperature of the earth is increasing about 1.5 °C since 215 century. Hence, the release of CO; in
the atmosphere need to be minimized instantly [5]. To reduce the concentration of CO; in the
atmosphere, carbon capture and storage (CCS) technologies have been studied to store the gas in
geological formation [6]. There are a few separation techniques that can be implemented in CCS
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system which includes physical absorption [6], adsorption [7], membrane absorption [8], and
cryogenic separation [8].

Previously, researchers have conducted many studies on graphene-based adsorbents for CO;
capture. Graphene-based adsorbents including mesoporous graphene oxide/TiO, nanocomposite,
thermally treated graphene nanosheets, holey graphene frameworks and 3-D graphene-based
porous adsorbent [9] have been proven to be efficient adsorbents for the CO, capture. Meanwhile,
the mechanisms and the kinetics of adsorption using these types of adsorbents were not sufficiently
studied [10]. Researchers recently favoring CO; capture using solid adsorbents since it is more cost
effective and energy efficient [11]. Adsorbents such as zeolite [12], metal organic frameworks (MOFs)
[12-13], carbon fiber [14] and carbon materials [15] were efficient enough to capture CO,. However,
when it comes to industrial applications that use enormous amounts of adsorbents, there are some
complications occurred [11]. For instance, zeolites are good adsorbents but have low adsorption
capacities at high temperature while other chemical adsorbents need more complex preparation [16]
causing the cost to be more expensive.

Graphene oxide (GO) is an oxygen-containing derivative of graphene [17] is one of a potential
material for carbon capture [18]. Its high surface area, high porosity [11] and active surface
functionalities [16] has made GO as a value added material for CO; adsorption. Unfortunately, the
application of GO for CO; adsorbent is limited due to low CO, adsorption capacity [18]. Therefore,
modification of GO is vital to overcome the aforementioned issue. Since GO consists of hydroxyl and
carboxyl, on its edges and epoxy on basal plane [19] functionalization have shown a great
modification method [17]. These are all oxygen-containing chemical groups that tremendously
vulnerable to chemical modification especially with nitrogenous compounds such as amine [11].
Functionalization of GO with nitrogen atoms in amine groups greatly increase the interfacial binding
with CO2 [4, 16].

In this study, APTES is used to functionalize GO because of its available nitrogen sites and high
affinity towards acid gases. APTES is also a promising functionalization agent because of the presence
of silylating moieties favorable for the covalent attachment of the functional group [20]. The
functionalization of GO with amine-functional group is expected to increase the yield of CO;
adsorption compared to the use of conventional adsorbents such as activated carbon and graphite.
This is because, functionalization of amine on GO will greatly enhance the reactivity towards CO; [21].
The ultimate aim of this work is to provide adsorbent with high CO; adsorption capacity of by
functionalizing GO using APTES and study its physicochemical properties and adsorption capabilities.
GO was obtained by oxidation of graphite via simple and easy to replicate modified Hummer’s
method followed by functionalization of GO with APTES. The GO and the synthesized APTES-GO were
characterized by Fourier Transform Infrared Spectroscopy (FTIR), Raman spectroscopy, Scanning
Electron Microscopy (SEM), and nitrogen adsorption isotherm. Hence, it is expected that the findings
of this study will contribute a new knowledge to the community as the synthesized material will help
in reducing the COin the atmosphere and resolving the global warming issue.

2. Experimental
2.1 Materials

Graphite powder, sulphuric acid (H2S0a4, 98 %), hydrochloric acid (HCI, 35 %) hydrogen peroxide

(H202, 30 %), potassium permanganate (KMnQi), sodium nitrate (NaNOs), (3-aminopropyl)
triethoxysilane (APTES, 99 %) ethanol (95 %), were purchased from Sigma Aldrich.
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2.2 Synthesis of GO

The GO was synthesized by using Modified Hummer’s method. 4 g of graphite powder was added
into 100 mL of concentrated H;SO4 followed by slow addition of 4 g of NaNOs. The solution was
stirred using magnetic bar while the temperature need was maintained below 10 °C in an ice bath.
12 g of KMnO4 was slowly added into the solution and after the addition; the temperature of the
solution increased slowly. Once the temperature reached 35 °C, the brownish mixture was stirred for
30 min. 100 mL of deionized water was added to the mixture and the color of the mixture turned
yellowish brown. At this step, the beaker was removed from the ice bath until the temperature
increased to 95 °C. The mixture was stirred again for 30 min. After the formation of a brilliant yellow
color with bubbles in the solution, 600 mL of distilled water, 20 mL of 30 % H,0; aqueous solution
and 100 mL of 10 wt% HCl was added to the mixture. The mixture was inserted in dialysis tubing and
soaked in deionized water to expel metal ion and acid until the pH turns neutral. 15 mL of GO was
transferred into a clean petri dish and dried for 12 h at 60 °C [22].

2.3 Synthesis of APTES-GO

GO produced by the previous steps was functionalized using APTES. 5.11 g of APTES was poured
into 150 mL of ethanol containing 3.01 g of GO. Next, the mixture was sonicated for 30 min before
heated with reflux at 80 °C for 6 h. The suspension was filtered over a polytetrafluoroethylene (PTFE)
membrane with a 0.45 mm pore size followed by washing with 150 mL of ethanol. The solid obtained
was dried under vacuum overnight at room temperature [23].

2.4 Characterizations

FTIR was used to study the functional groups that exist on the surface of GO before and after
functionalization. Solid sample of GO and APTES-GO were taken in a small size (= 0.3 cm x 0.3 cm)
and were put on the surface of the FTIR scanner. The IR spectra were collected after 32 scans in the
4000 — 500 cm™ region in ATR mode at a resolution of 4 cm™. A molecular vibrational spectroscopy
technique known as Raman spectroscopy has been used for identification and quantitation of
samples by providing information about their molecular vibration. This technique involved the shift
in wavelength of the inelastically scattered radiation from monochromatic light source (i.e. laser) to
identify the chemical and structural information of the samples. Each molecule has a different set of
vibrational energy levels, and the photon emitted have unique wavelength shifts. Different peaks in
the spectrum correspond to different Raman excitations. Moreover, the Raman spectrum can be
interpreted similar to the infrared adsorption spectrum. In this study, Raman spectrum of the
samples (RMP-510 with serial number A3561601) was analyzed in the range of 500-4000 cm™.
Scanning electron microscopy (SEM) images were collected using a FEI Quanta 200 ESEM with XL30
microscope.

2.5 N, Adsorption Test

In this study, the N2 uptake for each sample was tested with a custom-made adsorption rig with
a simple static volumetric measurement method. This unit is basically equipped with an adsorption
cell (AC) and loading cell (LC), a vacuum pump, a K-type thermocouple (to monitor the temperature
changes inside the cells) and a digital pressure transducer (to monitor the pressure changes in both
the AC and LC). Each GO and APTES-GO was loaded into the AC while N, was loaded into the LC until
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the pressure reached the required levels. The adsorption capacity of N, was tested with various
pressure (5, 10, and 15 bar). Because the pressure was set to the desired levels, the experiment was
initiated by opening the valve between the LC and AC to introduce N2 with the GO and APTES-GO in
the AC. The pressure changes in both cells were recorded continuously at 5 min intervals until the
equilibrium pressure was achieved. The equilibrium state was determined when both the
temperature and pressure were constant for approximately 10 min.

3. Results and Discussion
3.1 Morphological Properties

The characterizations of GO and APTES-GO composites were performed through its surface
morphology analysis by SEM. Figure 1(a) shows the structure of the pristine graphene oxide sheet.
The image shows that GO sheets were well distributed without agglomeration. The surface of GO
appears to be flat and smooth. The situation is absolutely different with APTES-GO, the surface
appears to be rougher because of the agglomeration and many small scales can be seen.

GO NL D54 x10k 100um| |APTES-GO NL D49 x10k 100um

GO NL D54 x40k 20um| |APTES-GO NL D49 x40k 20um

Fig. 1. Morphology of (a) GO (b) APTES-GO under 1000x magnification and (c) GO (d)
APTES-GO under 4000x magnification

After APTES grafting, the GO sheets went through strong interfacial interaction with organic
layers, which enhances the compatibility between GO sheets [24]. It can be seen in Figure 1(b) and
(d) that the APTES-GO show comparatively less uniformity and more roughness than the pristine GO,
indicating well grafting of aminosilane and also the compact surface structure.
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3.2 Functional Group Study

Figure 2 shows the FTIR spectra of GO and APTES-GO. The peaks of GO attributed to —OH
stretching can be seen at 3560 cm™. The sharp peak at 1715 cm™ is attributed to the C=0 stretching
of carboxylic acid group [25], 1614 cm™ to the sp? C=C and conjugated C=0 stretching, 1650 cm™ and
1040 cm™ to C-O stretching of phenolic and epoxy groups, respectively. In APTES-GO, the bands in
the range of 2850-3000 cm™ correspond to the bending vibration of CH, confirming the attachment
of APTES chain molecules. Carbon and hydrogen content also increases because of the alkyl chains
associated with APTES [20]. The bands at 1474 cm™ and 1440 cm™ correspond to NH and NH; due
to the deformation of the hydrogen-bonded amine groups respectively. N-H stretching vibrations are
present at 3430 cm™ and C-H stretching bands in the region 2860-2960 cm™. As an evidence of
covalent functionalization, the appearance of absorption peaks can be seen at 1048 cm™ and 1210
cmt indicating Si-O-C and Si-O-Si, respectively [26].

CHz NHz

—GO Si-0-C

Transmittance (%)

——APTES-GO

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)
Fig. 2. FTIR spectrum of GO and APTES-GO

3.3 Raman Spectra Analysis

Raman spectroscopic measurements were carried out to support the structural changes from
surface modification of GO by APTES. There are two broad overlapping peaks centered near 1250 cm-
1 (D line) and 1550 cm™ (G line) can be detected in Figure 3. Typically, the D line represents the defect
and disordered of carbon structure while the G line represents the ordered graphitic crystallites of
the carbons that associated with sp? carbons [27]. These D and G peaks in both figures were fitted
using a Gaussian Lorentzian mixed. It can be seen that both D and G peaks for APTES-GO tilt to left
after the functionalization with amine functional group. This is because grafting induces positive
inductive effect on the amine functional groups attached to GO, which act as electron donor
substituents [28]. Specifically, the D band broadens significantly and G-band grows in intensity. Both
of the bands display a shift to higher frequencies. The peak intensity ratio of D to G bands (Ip/lg)
indicates the degree of disorder in the sample, originated from edges, defects or ripples. Qur results
showed that there is no significant variation in the samples. The Ip/Igintensity ratio for APTES-GO and
unmodified GO are 1.05 and 1.10, respectively. The value of Ip/lc of APTES-GO that is almost similar
to unmodified GO indicates that grafting of amine molecules took place on the oxygen functional
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groups on the surface without disturbing the defective sp® —hybridized sites in the basal planes of GO
[20].
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Fig. 3. Raman spectra of GO and APTES-GO

3.4 Nitrogen Adsorption Isotherms

Evaluation of N, adsorption capacity was carried out at fix temperature, 30 °C and varied pressure
up to 15 bar. A significant improvement was detected on the quantity of nitrogen adsorbed for both
GO and APTES-GO at increasing pressure of adsorption. It is worth to highlight that at highest tested
pressure, APTES-GO vyields higher N, adsorption capacity compared to GO. All of the samples adsorb
nitrogen ranging between 11 to 179 mmol/g as shown in Figure 4. The nitrogen adsorption capacities
APTES-GO have increased about two times higher at 15 bar as compared to pristine GO. Therefore,
it can be concluded that APTES-GO with adsorption pressure of 15 bar adsorbs the most nitrogen
compared to the other samples and pressures with a value of 179 mmol/g for its adsorption
equilibrium. It is also noteworthy to mention that GO at 5 bar adsorbed the least amount of nitrogen
due to its smaller effective surface area and the lower starting adsorption pressure [20].
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Fig. 4. The differences of nitrogen adsorption capacity between GO and
APTES-GO at various pressures (5, 10, and 15 bar)

4. Conclusions

In this study, GO were successfully prepared using Modified Hummers’ Method and being
functionalized by amine functional group, APTES. This finding highlights the potential of APTES-GO as
an efficient adsorbent for CO; capture for a more sustainable environment. Through our study, it can
be concluded that the amine-functionalized GO, APTES-GO can adsorb higher N, compared to the
pristine GO up to 179 mmol/g of N,. The effect of pressure on adsorption was also studied. N3
adsorptions with various pressures (5, 10, and 15 bar) were tested. It was found that, the greater the
adsorption pressure, the higher the amount of gas adsorbed. This shows that, APTES-GO have a
potential use in carbon capture and storage.
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