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The application of renewable nanomaterials, like nanocrystalline cellulose (NCC), has recently been widely studied by many
researchers. NCC has many benefits such as high aspect ratio, biodegradability, and high number of hydroxyl groups which
offer great opportunities for modification. In this study, the NCC derived from empty fruit bunches (EFB) was modified with
aminosilane, 3-(2-aminoethylamino)propyl-dimethoxymethylsilane (AEAPDMS), and the characterization was performed to
investigate the potential as carbon dioxide (CO2 ) capture. Modification of NCC with AEAPDMS was carried out in water/ethanol
solvent (80/20) (v/v) with a ratio of NCC to aminosilane of 1 : 1, 1 : 2, 1 : 3, and 1 : 4 w/w%. The effects of AEAPDMS on NCC were
characterized using Fourier transform infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA), X-ray diffraction (XRD)
analysis, elemental analysis (CHNS), and transmission electron microscopy (TEM). The existence of AEAPDMS onto NCC was
confirmed by ATR-FTIR spectroscopy as the new peaks of NH2 were bending and wagging, and Si-CH3 appeared. The thermal
stability of NCC increased after modification due to the interaction with AEAPDMS. The elemental analysis result showed that the
nitrogen content increased with an enhancement ratio of the modifiers. The XRD indicated that the crystallinity decreased while
the rod-like geometry of NCC was maintained after amorphous AEAPDMS grafted on the NCC. Since AEAPDMS can be grafted
on the NCC, the sample is applicable as CO2 capture.

1. Introduction
Oil palm production is a major agricultural industry and
recently there are more than three million hectares of oil palm
plantations in Malaysia [1]. Oil palm empty fruit bunches
fibers (OPEFB) represent about 9% of this total, as they are left
unutilized after the fruit bunches are pressed at oil mills and
the oil is extracted. OPEFB consist of 44.4% cellulose, 30.9%
hemicellulose, and 14.2% lignin and are still considered an
underutilized resource [2, 3]. Cellulose is available in various
types of natural fibers such as wood, cotton, jute fiber, and
pineapple fiber [4] but, recently, the abundant waste of natural
fiber become a famous topic for researchers [5]. Cellulose is
a semicrystalline polysaccharide appearing in nature in the

form of fibers [6] and consists of a linear homopolysaccharide
composed of 𝛽-D-glucopyranose units linked together by 𝛽1-4-linkages like shown in Figure 1 [7–9].
Nanotechnology refers to the concepts and techniques
used to make products with unique functionality based
on their nanoscale properties. Nanomaterials have great
potential for a vast range of applications including medicine,
electronics, biomaterials, and energy storage/production. A
promising family of renewable nanomaterials is, nonetheless,
in the form of nanofibrillated cellulose (NFC), nanocrystalline cellulose (NCC), and bacterial cellulose (BC). These
polysaccharide nanoparticles can be obtained from cellulose,
the most abundant renewable form of biomass in nature
[10, 11]. Nanocellulose has great potential for applications
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Figure 1: The structure of polymer of cellulose chain shows the anhydroglucose unit in the chair conformation along with atom numbering
and the glycosidic link as well as both reducing and nonreducing ends of the polymer.

of coatings, polymer composites, and absorbents/adsorbents
and as rheological modifiers or emulsifiers. Nanocellulose
has many advantages like low cost, biodegradability, and
chemically reactive surface functionality [10].
Among the nanosized cellulose, NCC or nanocrystalline
cellulose which is produced by acid hydrolysis from cellulose
fibers arose much interest [10, 12, 13]. A complete dissolution
of the noncrystalline fractions yields rod-like nanocrystals
with 5 to 20 nm in width and up to 1 𝜇m in length, depending
on the source of cellulose, and the exact hydrolysis conditions [12, 14]. Compared to cellulose fibers, NCC possesses
many advantages, such as nanoscale dimension, high specific
strength, high aspect ratio, modulus, and surface area [10, 15,
16]. The feasibility of nano- and microcelluloses is further
promoted by their large surface area, chemical accessibility,
and functional flexibility [17]. The NCC morphology depends
on cellulose source and the preparation conditions such
as type and concentration of acid, acid-to-cellulose ratio,
reaction time, and temperature [18, 19]. When prepared
in sulphuric acid, they possess negative charges on their
surface due to the formation of sulfate ester groups during
acid treatment, which enhances their stability in aqueous
solutions. According to its structure, NCC possesses an
abundance of hydroxyl groups on the surface, where chemical
reactions can be conducted [11]. The OH group of the sixth
position acts as a primary alcohol among the three kinds of
hydroxyl groups, where the modification mostly occurs [20].
Many reactions can be used to modify the surface of
nanocellulose such as using coupling agents, that is, silane
reagents [6]. The interactions of silane coupling agents with
natural fibers are widely known [21] and the modification
involves polymerization on the NCC surface [7]. Aminosilanes containing primary, secondary, and tertiary amines are
silane reagents that have been used for cellulose modification.
According to [22], they have a hydrolytically sensitive center
that can react with hydroxyl groups or silanols to form a
silylated surface. Gebald et al. [23] introduced amine-based
adsorbents for air capture by synthesizing and grafting
them onto NFC supports. Lu et al. [24] had also grafted
aminosilanes onto NFC for epoxy composite applications.
3-(2-Aminoethylamino)propyl-dimethoxymethylsilane
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Figure 2: 3-(2-Aminoethylamino)propyl-dimethoxymethylsilane
(AEAPDMS) structure.

(AEAPDMS) as shown in Figure 2 is a known silane reagent
which has been used by many researchers to modify NFC
and MCM-41 for carbon dioxide (CO2 ) capture. There is still
lack of report on utilization of AEAPDMS as a coupling agent
modifier with NCC in the production of adsorbent. However,
recently few researchers reported that NCC was successfully
modified with 3-glycidoxypropyltrimethoxysilane (GPTMS),
3-methacryloxy-propyltrimethoxysilane (MPS) [25], and
y-ammnonimpropylmethyldimethoxysilane (APMDS) [26]
which improved the compatibility in polyurethane.
In this study, NCC was isolated from OPEFB cellulose
by hydrolysis with sulphuric acid. The NCC was further
modified with aminosilane, AEAPDMS. The objective of this
study is to investigate the characteristics of modified NCC as
based material to produce solid adsorbent aerogel for CO2
adsorption. The physical and morphology characters of modified NCC were determined by Fourier transform infrared
(FTIR) spectroscopy, thermogravimetric (TGA) analysis,
X-ray diffraction spectroscopy (XRD), elemental analysis
(CHNS), and transmission electron microscope (TEM).

2. Experimental
2.1. Materials and Methods. Oil Palm Empty Fruit Bunch
Fiber (OPEFB) in this study was supplied by Szetech Engineering Sdn. Bhd., Selangor, Malaysia. Chemicals used for
extraction of cellulose were sodium hydroxide (NaOH),
ethanol, toluene, sodium chlorite (NaClO2 ), and glacial
acetic acid, while the chemical used for hydrolysis was
sulphuric acid (H2 SO4 ). Chemicals used for modifications
were 3-(2-aminoethylamino)propyl-dimethoxymethylsilane
(AEAPDMS), from Germany, and acetic acid. All chemicals
were purchased from Sigma Aldrich, USA.
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2.2. Preparation and Modification of Nanocrystalline Cellulose
(NCC). The OPEFB fiber was treated by soxhlet extraction,
alkali treatment (4% NaOH solution), and bleaching treatment to remove lignin and hemicellulose until the white cellulose was obtained [21, 27, 28]. Then, the NCC was isolated
by the method adopted from [21] with slight modifications;
that is, acid hydrolysis was conducted at 60% of aqueous
H2 SO4 for 40 minutes at 45∘ C under mechanical stirring. The
NCC suspension was centrifuged, dialysed against distilled
water until a constant pH was maintained, and then preserved
and stored in refrigerator. The methods of modification of
NCC were referred to Abdelmouleh et al. [29], Xie et al.
[30], and Bendahou et al. [12] with slight alterations. The
modification was carried out in 80/20 (v/v) water/ethanol
solvent. The liquid of AEAPDMS (1, 2, 3, and 4 w/w%) was
added into the mixture and stirred. The pH of the solution
was adjusted to pH 4 by adding few drops of acetic acid and
stirred continuously for 1 hour. The pH was maintained at pH
4 since the hydrolysis rate of silanes forming silanol is higher
than the condensation rate [26, 30]. Then, 1 w/w% of NCC
suspensions were mixed in the solution and refluxed for 3
hours at 60∘ C by mechanical stirrer. After 3 hours, the heat
was turned off and continuously stirred overnight. The NCCAEAPDMS solution was centrifuged to remove the excess
AEAPDMS that did not graft on the NCC; then the NCC
and NCC-AEAPDMS samples were freeze-dried for 24 hours
before being characterized under various analyses. However,
the NCC and NCC-AEAPDMS for TEM analysis were kept
in aqueous suspension.
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Table 1: Elemental analysis of NCC and aminosilane grafted on
NCC.
Materials
NCC
NCC-AEAPDMS (1 : 1)
NCC-AEAPDMS (1 : 2)
NCC-AEAPDMS (1 : 3)
NCC-AEAPDMS (1 : 4)

C
40.28
37.46
41.08
42.50
42.65

Elemental analysis (%)
H
N
7.40
—
6.556
0.262
6.535
0.446
6.698
0.767
6.532
0.763

S
0.405
0.625
0.563
0.517
0.519

each sample by using the following equation which was
introduced by Segal et al. [31]:
CrI (%) =

𝐼002 − 𝐼am
× 100%,
𝐼002

(1)

where 𝐼002 is the maximum intensity of crystallinity of diffraction peak and 𝐼am is the intensity scattered by amorphous part
of the sample.
2.3.5. Transmission Electron Microscopy (TEM). Aqueous
suspensions (0.1 w/w%) of both the NCC and aminosilane
modified NCC were prepared for TEM analysis. A drop of
aqueous suspension was deposited on a Cu grid covered with
a thin carbon film. The suspension was negatively stained
with 2 w/w% uranyl acetate in order to enhance contrast. The
morphology of the NCC and modified NCC was observed by
using a Philips CM30 microscope operated at an accelerating
voltage of 100 kV.

2.3. Characterization
2.3.1. Elemental Analysis (CHNS). The elemental analysis was
carried out to investigate the total content of elements in the
NCC sample after modification and was performed by using
LECO CHNS-932 elemental analyzer. The carbon, hydrogen,
nitrogen, and sulphur content of unmodified and modified
NCC samples were measured independently.
2.3.2. Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy (ATR-FTIR). The NCC and NCC-AEAPDMS
with a few ratios were analyzed with a Perkin Elmer
Spectrometer (spectrum 400 FT-IR) using attenuated total
reflectance (ATR) as analysis method. The spectra obtained
were recorded in the range 400–4000 cm−1 .
2.3.3. Thermogravimetric (TGA) Analysis. Thermal stability
of modified NCC and NCC samples was determined by
thermogravimetric analyzer (Mettler Toledo model TGA/
SDTA851e). The analysis was conducted with temperature in
the range 25 to 600∘ C at 10∘ C/min heating rate.
2.3.4. X-Ray Diffraction (XRD). The crystallinity in the sample was analyzed using Bruker AXS X-ray diffraction, Germany (model D8 advance), generated at 40 kV and 40 mA.
Monochromatic CuK𝛼 was used for radiation at wavelength
0.154 nm. The crystallinity index (CrI) was calculated from

3. Results and Discussion
3.1. Elemental Analysis (CHNS). Elemental analysis was carried out to confirm the presence of aminosilane grafted on
NCC surface. The weight contents of carbon (C), hydrogen
(H), nitrogen (N), and sulphur (S) were measured and
the results are shown in Table 1. The elemental analysis of
unmodified NCC and aminosilane grafted on NCC showed
that there was an increment in carbon and nitrogen contents
of the sample after modification. The introduction of amine
groups on the NCC surface increased the carbon and nitrogen
contents [17].
3.2. Fourier Transform Infrared Spectroscopy (FTIR). The
effects of introducing AEAPDMS on NCC surface were
studied by FTIR analysis like shown in Figure 3. Figure 3(a)
is the spectrum for AEAPDMS. NCC spectrum (Figure 3(b))
displayed O-H stretching at 3335 cm−1 , C-H stretching at
2900 cm−1 , CH2 bending at 1430 cm−1 , and C-O-C skeletal vibrations at 1055 cm−1 , while O-H and C-H bending
along with C-C and C-O stretching located at 1380, 1317,
and 1258 cm−1 , respectively. All the peaks are the typical
peaks of cellulose [23, 32]. For NCC modified AEAPDMS
(Figures 3(c)–3(f)), all spectra showed the emerging of
small new peaks located at approximately 1600 cm−1 and
798 cm−1 which are attributed to NH2 bending and NH2

4

Journal of Nanomaterials
7000
(f)
(e)

6000

(d)

Transmittance (%)

(c)
(b)

Intensity (a.u.)

5000

(a)
O-H ( ∼3335 cm−1 )

NH2 bending

( ∼1600 cm−1 )

C-H (∼2900 cm−1 )

4000

3000

Si-CH3 (∼1258 cm−1 )

2000

NH2 wagging
( ∼798 cm−1 )
Si-O-Si, Si-O-C

4000
3000
2000

1000
1000

−1

Wavelength (cm )

Figure 3: FTIR spectra of (a) AEAPDMS, (b) NCC, and NCCAEAPDMS with several ratios: (c) 1 : 1 (w/w)%, (d) 1 : 2 (w/w)%, (e)
1 : 3 (w/w)%, and (f) 1 : 4 (w/w)%.

wagging, respectively. The same peaks that were reported by
Abdelmouleh et al. [29] and Zhao et al. [33] are showing
that the peaks are typical for the deformation modes of the
NH2 groups of hydrogen bonded to the OH functions of
both silanol moieties and cellulosic substrates. Moreover, the
high intensity peak of Si-CH3 at 1258 cm−1 as presented in
AEAPDMS spectrum was also observed in NCC-AEAPDMS
spectra with ratios 1 : 2, 1 : 3, and 1 : 4 around 1260 cm−1 ,
respectively, while the peak was not apparent for 1 : 1 w/w%
NCC-AEAPDMS which might be due to the small amount of
AEAPDMS added. Bands for -Si-O-Si and -Si-O-C bond at
1160 cm−1 and 1104 cm−1 , respectively, were overlapped with
band C-O-C skeletal vibration in the range 970–1250 cm−1 .
Rachini et al. [34] reported that the bands detected around
1030, 1055, 1110, and 1146 cm−1 were the characteristic bands
of the Si-O-Si linkage and Si-O- cellulose. Thus, the existence
of all the new peaks of the NCC spectrum indicated that the
AEAPMDS was grafted to the O-H functional group on NCC
surface.
Based on the FTIR result, it can be seen that AEAPDMS
grafted on NCC. The possible reactions are as follows:
NH2 CH2 -Si-CH3 (OCH3 )2 + H2 O
→ NH2 CH2 -Si-CH3 (OH)2 + 2CH3 OH
NH2 CH2 -Si-CH3 (OH)2 + NCC-OH
→ NH2 CH2 -Si-CH3 OH-O-NCC + H2 O

(2)

(3)

In this case, the alkoxysilanes does not react directly with
hydroxyl (-OH) group of cellulose to form -Si-O-C- even
at high temperature. It is attributed to lower acidity of the
cellulosic hydroxyl group compared with silanol. Cellulose is
generally unreactive to many chemicals and the OH groups of
the microfibrils have very low accessibility. Based on former
works, an optional strategy was to activate the alkoxysilane
by hydrolyzing the alkoxy groups off, forming more reactive
silanol groups, and can be further dehydrated with surface
hydroxyl groups of cellulose [17, 18, 30]. She et al. [26]
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Figure 4: XRD analysis for NCC and all samples of modified NCC.

reported the same phenomena where the hydroxyl group of
the original NCC was replaced by alkyl-oxygen group which
was obtained from silanol group via hydrolysis. Rachini et al.
[34] soaked sisal fiber in alcoholic solution of aminosilane
at a pH between 4.5 and 5.5 to hydrolyze the coupling
agent. Valadez-Gonzalez et al. [35] and Agrawal et al. [36]
modified henequen and oil palm fiber with a silane solution
in a water/ethanol mixture. That is why, in this study,
AEAPDMS was hydrolyzed at pH 4 and then modified under
a water/ethanol mixture to ensure that the grafting will follow
reactions (2) and (3).
3.3. X-Ray Diffraction (XRD). Figure 4 shows the XRD
diffractograms of cellulose, NCC, and NCC-AEAPDMS samples. All the diffractograms displayed that the typical peaks of
semicrystalline materials consist of broad hump amorphous
region and sharp intense peak of crystalline region [21, 37].
Cellulose diffractogram showed three peaks around 2𝜃 =
16∘ , 22.5∘ , and 34.5∘ which are related to the typical type
of cellulose I and corresponding to the crystallographic
planes that are (101), (002), and (040) [3, 27, 38]. At NCC
diffractogram, the peaks at 2𝜃 = 22.5∘ are getting sharper and
more intense showing that the sample is more crystalline. The
peak is used to relate to the crystallinity of the materials as can
be used to calculate the crystallinity index (CrI) as shown by
(1) [39].
Table 2 is crystallinity index (CrI) of all the samples. The
cellulose extracted from EFB fiber has the CrI of approximately 64.0%. The CrI of NCC increased to 76.8% after acid
hydrolysis by sulphuric acid (H2 SO4 ) due to the removal of
some amorphous region in cellulose and reducing the size
to nano [40]. NCC sample with AEAPDMS showed lower
CrI compared to the NCC since AEAPDMS is amorphous
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Figure 5: (a) TGA result; (b) DTG result for sample NCC and all samples of modified NCC.

Table 2: Percentage of crystallinity index for unmodified and
modified NCC-AEAPDMS.
Sample
Cellulose
NCC
NCC-AEAPDMS (1 : 1)
NCC-AEAPDMS (1 : 2)
NCC-AEAPDMS (1 : 3)
NCC-AEAPDMS (1 : 4)

Crystallinity index, CrI (%)
64.0
76.8
61.6
66.7
64.0
65.1

and being grafted onto the NCC, which increased the total
amorphous region and thus reduced the CrI. The replacement
of the hydroxyl groups by the amino groups and hydrocarbon
chains of silane resulted in the slight degeneration of the
compact crystalline regions of NCC during the surface
modification. However, there is no trend of CrI reduction
with respect to the amount showing that the grafting occurred
randomly in both crystalline and amorphous regions of NCC.
The decrement of the crystallinity for modified NCC had also
been observed by Tian et al. [41] and Zhang et al. [42].
3.4. Thermogravimetric Analysis (TGA). Figures 5(a) and
5(b) show the thermogravimetric analysis (TGA) and differential thermogravimetric (DTG) curves for NCC and NCC
modified AEAPDMS. The weight loss was measured in the
temperature range of 35 to 600∘ C. All samples showed that
the initial weight loss around 100∘ C was caused by water
evaporation from the samples [28]. The NCC peak consists
of two decomposition peaks started at 120∘ C and later at
300∘ C. Consequently, the DTG curves displayed the two
degradation peaks at the maximum of 230∘ C and 360∘ C.
Kargarzadeh et al. [21] also reported the two degradation
peaks for NCC from acid hydrolysis and discussed that the

former is due to highly sulfated amorphous cellulose and the
latter is due to breakdown of unsulfated crystals cellulose.
However, the TGA curves for modified NCC-AEAPDMS
showed the decomposition trends similar to cellulose. This
is expected since the CrI of NCC-AEAPDMS was similar to
cellulose which indicated that the crystalline and amorphous
parts are almost equal. The DTG curves for modified NCCAEAPDMS showed that the weight loss shifted to a higher
temperature and the maximum is around 300–340∘ C. The
thermal stability increased because silane modification on
NCC resulted in interaction between NCC and AEAPDMS,
thus improving the thermal stability of NCC. Furthermore,
AEAPDMS decomposed at higher temperature of 370∘ C [33].
Wang et al. [43] reported the same trend when treating
sisal fibers with silane. The DTG curves NCC-AEAPDMS
at ratio of 1 : 4 w/w% showed the highest peak at 340∘ C
compared with ratios of 1 : 1, 1 : 2, and 1 : 3 w/w%. Thus,
from thermogravimetric (TGA) analysis, it was determined
that the thermal stability of modified NCC improved after
aminosilane grafting.
3.5. Transmission Electron Microscope (TEM). The surface
morphology of NCC and modified NCC-AEAPDMS at a
ratio of 1 : 3 w/w% was studied by TEM as shown in Figure 6.
The NCC showed the rod-like shape since H2 SO4 removed
the amorphous part in the cellulose. The effect of H2 SO4
includes the introduction of negatively charged sulfate group
that allows the nanocrystalline NCC to disperse in water
[14, 44]. However, there is still some agglomerates due to
the hydrogen-bonding interactions between the hydroxyl
groups on the NCC surfaces even after sonication process.
The phenomenon was also reported by Chen et al. [45]
and Kaushik et al. [19]. The NCC particles maintained
their rod-like morphology even after the modification with
AEAPDMS. The rod-like or needle-shaped acid-hydrolyzed
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Figure 6: TEM images of (a) nanocrystalline cellulose (NCC) of OPEFB cellulose and (b) modified NCC-AEAPDMS with a ratio 1 : 3 w/w%.

Table 3: The geometric dimensions of NCC and NCC-AEAPDMS
at ratio of 1 : 3 w/w%.
Sample

Length, 𝐿
(nm)

Width, 𝐷
(nm)

Aspect ratio
(𝐿/𝐷)

NCC
NCC-AEAPDMS (1 : 3)

173 ± 0.6
193 ± 0.9

9 ± 0.5
10 ± 0.4

18 ± 0.2
18 ± 0.6

NCC and modified NCC were characterized by their length
(L), width (D), and aspect ratio (L/D) [9] and were tabulated
in Table 3. The average dimensions of the nanoparticles NCC
were measured and the length was approximately around
173 ± 0.6 nm and width was about 9 ± 0.5 nm. The NCCAEAPDMS has the length of 193 ± 0.9 nm and width of
10 ± 0.4 nm, but both samples shared the similar aspect ratio
(L/D). This is because TEM only measured the crystalline
parts and not the amorphous part.

4. Conclusions
In this work, we have presented that NCC was successfully modified with aminosilane, AEAPDMS, in 80/20 (w/w)
water/ethanol solvent which has the potential for CO2 capture. CHNS results showed that N and C contents increased
after the treatment of NCC with AEAPDMS. Meanwhile,
the FTIR-ATR analysis revealed that the new peaks for NH2
bending and wagging as well as Si-CH3 were determined
to show that AEAPDMS was grafted on NCC. The NCC is
very crystalline after being hydrolyzed with H2 SO4 ; however,
after introducing the AEAPDMS on the NCC surface, the
crystallinity decreased. This phenomenon was due to the
amorphous AEAPDMS that affected the crystalline part in
the NCC sample. Nevertheless, the thermal stability of modified NCC remarkably increased since there was interaction
between NCC and AEAPDMS. TEM result showed that
there was no change in size (nanosize) and shape even after
the modification. Moreover, rod-like morphology can be
observed in both NCC and NCC-AEAPDMS samples since
TEM only detects crystalline part.
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