Jurnal Kimia Valensi, Vol 9(1), May 2023, 30-41

JURNAL KIMIA Auvailable online at Website: http://journal.uinjkt.ac.id/index.php/valensi

Valensi

The Potential of Nanocellulose Acetate as Surfactant for Water-Vegetable
Oil Systems

Ikhsan Ibrahim, Mia Ledyastuti”

Department of Chemistry, Bandung Institute of Technology
Ganesa street no.10, Bandung 40132, Indonesia

*Corresponding author: mia.ledyastuti@itb.ac.id

Received: December 2022; Revision: March 2023; Accepted: May 2023; Available online: May 2023

Abstract

Indonesia, as an agricultural country, has a variety of abundant plants. Cellulose is a component in plants that
can be modified to increase its economic value. Resizing cellulose to nanocellulose and modification of
nanocellulose to nanocellulose acetate can increase its potential as a surfactant. Resizing cellulose can be done
using the strong acid hydrolysis method. An acetic anhydride reagent was utilized to convert the surface
hydroxyl functional group into acetyl. The successful production and modification of nanocellulose were
confirmed using fourier transform infrared and particle size analysis characterization. The infrared absorption
spectrum of cellulose and nanocellulose showed no difference in peaks. Particle size distribution showed that
nanocellulose I (CNC 1) and nanocellulose 1l (CNC 1) has sizes of 142 nm and 319 nm, respectively. The
property of nanocellulose molecules in an oil-water system was simulated using molecular dynamics with
GROMACS 2020.6 software. Appropriate trends can be seen in the interfacial tension of water-vegetable oil
systems. The value of interfacial tension decreases with the addition of nanocellulose acetate compared to the
addition of nanocellulose. With the agreement between the experimental and computational results,
nanocellulose acetate can act as a surfactant.
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1. INTRODUCTION all woody parts of the plant body (Nelson &

Indonesia is an agricultural country
where most of the population works in
agriculture, with the third most significant
contribution to GDP (Gross Domestic Product)
after the manufacturing and trade sectors
(Kasdi, 2019). With the development of the
agricultural industry, agricultural waste also
increases. Most of this biomass waste is only
used for animal feed and the rest is disposed of
as organic waste, so the utilization of this
waste is still relatively low in Indonesia (
Waluyo, 2009). One of Indonesia’s most
massive biomass is cellulose, a polymer
formed by a glucose monomer with a f(1—4)
glycosidic bond. Due to the strong hydrogen
bonds between glucose monomers
(intramolecular) and between polymer chains
(intermolecular), cellulose has fibrous, rigid,
water-insoluble properties that can be found in
plant cell walls, especially in stalks, stems, and

Cox, 2008). The cellulose utilized in this
research was isolated from empty palm oil fruit
bunches (biomass waste) using the same
extraction technique as earlier research by
Sukmarani & Ledyastuti, (2019).

By changing the particle size to
nanocellulose, new materials can be produced
with different physical properties, such as
viscosity, tensile strength, and surface-active
properties (Shankaran, 2018). Nanocellulose
(CNC) is a material derived from the physical
or chemical treatment of cellulose that has a
nano-size with a diameter of about 1-10 nm
and a length of 10-100 nm (Lee et al., 2014).
In its utilization as a surfactant, the hydroxyl
groups of CNC need to be modified to disrupt
the hydrogen bonds between glucose
monomers. With this modification, the CNC
surface is changed into a hydrophilic
functional group, and the pyranose group is
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hydrophobic, so it is predicted to reduce the
value of the interfacial tension of water and
vegetable oil. Acid hydrolysis with H2SO; is
one of the CNC synthesis techniques that can
modify the surface chemical structure of CNC.
Several things can affect the synthesized CNC:
the type of acid, acid concentration, reaction
time, and temperature during the hydrolysis
treatment (Lee et al., 2014). In addition to
hydrolyzing cellulose, H.SO4 can also modify
CNC. HzSOq4 can react with the hydroxyl group
of CNC into anionic sulfate ester groups
(OS0O37) (Klemm et al., 1998; Voronova et al.,
2013).

Previous research on the synthesis of
CNC used enzymatic, electrospinning, and
acid hydrolysis techniques. According to Dewi
et al., (2018) earlier research reported that the
CNC produced by the electrospinning
technique has a dimension of approximately
670 nm. The size of CNC produced by the
enzymatic method is between 100 nm and 3,5
pum (Filson et al., 2009). Furthermore, 111 nm
is the size of CNC made by the acid hydrolysis
process (Wulandari et al., 2016). Based on
these findings, acid hydrolysis is the best
approach for synthesizing CNC because it
requires only essential equipment and yields
CNC of the correct size. H,SO4 and HCI are
the typical acids employed in the acid
hydrolysis process. The distinction is that
H2SO4 hydrolysis creates sulfate esters (OSO3
), which make anionic repulsion and increase
nanoparticle dispersion stability (Brinchi et al.,
2013; Lee et al., 2014).

In this research, the surface modification
was carried out by the acetylation method
using acetic anhydride as a reagent. So later
obtained nanocellulose acetate (O-CNC),
which has hydrophilic acetyl, hydroxy, and
hydrophobic pyranose ring group (Fallacara,
Baldini, Manfredini, & Vertuani, 2018). O-
CNC has the potential as a surfactant due to its
amphiphilic structure. This causes the O-CNC
to be at the interface of water and oil, reducing
the interfacial tension (Bergfreund et al.,
2021).

Computational and experimental
methods were used in this study to determine
the effectiveness of reducing the value of the
water-oil interfacial tension by O-CNC, this
method is a novelty from previous research.
The computational method uses the
GROMACS 2020.6 software to calculate the
interfacial tension using the gmx_energy
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command. The experimental method uses the
Du-Nouy tensiometer to determine the
interfacial tension between water and
vegetable oil.

2. MATERIALS AND METHODS
Materials

Cellulose (53.4% degree of crystallinity,
Indonesia), H,SOs4 (95-97% purity Merck,
Germany), DMSO (Merck, Germany),
pyridine (Merck, Germany), Na,COs; (Merck,
Germany), acetic  anhydride  (Merck,
Germany), palm oil with organic, cosmetic,
and food grade (Indonesia).

Instrumentation

The particle size of CNC was
determined by Particle Size Analyzer (PSA)
with Nano Particle Analyzer Horiba SZ-100.
Infrared spectra of cellulose, CNC, and O-
CNC were recorded on Bruker Alpha Fourier
Transform Infrared Spectrometer (FTIR). The
X-Ray diffraction (XRD) diffractograms were
collected using Miniflex Rigaku
Diffractometer. Fisher Scientific 20 Model 20
Surface  Tensiometer — measured  water-
vegetable oil systems interfacial tension (IFT).

Procedure

This research is divided into two,
namely  computational  modeling  and
experimental. A computational method was
carried out to obtain data on the value of the
IFT produced by adding O-CNC compared to
the addition of CNC. Wet lab experiments
were carried out to synthesize CNC, modify
CNC to obtain O-CNC, determine its
properties as a surfactant, and other
characterizations.

Nanocellulose Synthesis

The CNC synthesis step refers to the
procedure carried out by Wulandari et al.,
(2016) with several modification steps
(Wulandari et al., 2016). Pure cellulose is
mixed with H2SOs in a ratio (1:25). Variations
in the concentration of H,SO. and the
hydrolysis time used were 50% (w/w) 7
minutes, and 45% (w/w) 7 minutes. After the
reaction was complete, the mixture was
stopped with distilled water ten times the
volume of H;SO. added. The suspension
mixture obtained was centrifuged at 4500 rpm
for 5 minutes. After that, the mixture was
decanted to collect the residue for
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ultrasonication. Sonication of the residue by
adding 200 mL of aqua demineralization was
carried out with an amplitude of 30 Hz for 5
minutes. The residue was then centrifuged for
8 cycles, in each cycle, the residue was washed
with 200 mL aqua demineralization. In the last
centrifugation cycle, the suspension was
sonicated with 30 Hz amplitude for 5 minutes.
After that, the CNC was placed in a vacuum
oven at 40 °C for 3 hours to obtain a fine white
powder.

Nanocellulose Modification

The modification research procedure
used by Ning et al., (2020) was changed in
several steps (Ning et al., 2020). In the first
step, 10 mL of pyridine and 10 mL of acetic
anhydride were mixed into 30 mL of
anhydrous DMSO, which had been
supplemented with 200 mg CNC. The
suspension was stirred at room temperature (25
°C) for 2 hours. After the reaction, ice was
added to the mixture, followed by
centrifugation for 15 minutes. Sodium
carbonate was added to remove acetic acid and
neutralize the pH. The last step was cooling the
mixture to get O-CNC as a precipitate.

Characterization

FTIR characterization was performed to
analyze the cellulose, CNC, and O-CNC
functional group. The difference in percent
crystallinity between cellulose and CNC
caused by various H.SO4 concentrations was
calculated using XRD. Furthermore, PSA is
used to measure the size of the CNC obtained
from the acid hydrolysis method.

Determination of Surfactant Properties

The effectiveness of O-CNC as a
surfactant was determined by measuring
changes in interfacial tension (IFT) between a
mixture of water and oil using the Du-Nouy
ring method. This IFT measurement was
carried out at various temperatures and
concentrations of O-CNC. Using Radial
Distribution Function (RDF) analysis and IFT
calculations on dynamic trajectory results,
surfactant characteristics can also be examined
using molecular dynamics.

Molecular Dynamics

The simulation uses research procedures
by Ledyastuti et al., (2021) and is modified in
several steps (Ledyastuti et al., 2021).

Ibrahim and Ledyastuti

Molecular dynamics simulation of water and
oil systems was carried out using GROMACS-
2020.6. The command gmx insert-molecules
multiplies water molecules in the liquid phase.
Five thousand eight hundred thirty water
molecules and 173 palmitic acid molecules
were used for modeling the water and
vegetable oil. Glucose dodecamer and
acetylated glucose dodecamer were used as
CNC and O-CNC. In the initial simulation, the
CNC and O-CNC resided in the interphase
position of water and vegetable oil. The
simulation is carried out through the energy
minimization stage. The NVT equilibration
step adjusts the desired temperature. Then the
NPT equilibration step adjusts the desired
pressure, the production step, and the last is the
analysis of production results. The analysis
includes the trajectory visualization results,
molecular density distribution analysis on the
Z-axis, IFT analysis, and RDF analysis. All
stages were carried out at 25, 30, 35, 40, 45,
and 50 °C using a Nose-Hoover thermostat.
Equilibration using NVT (number of
molecules, constant volume, and temperature)
was carried out for 125 ps, and NPT (number
of molecules, constant pressure, and
temperature) was carried out for 1000 ps.
Simulations were carried out using a
Parrinello-Rahman barostat to maintain a
constant pressure at 1 bar according to a
laboratory experiment measuring the IFT value
(Parrinello & Rahman, 1998).

3. RESULTS AND DISCUSSION

The synthesis of CNC was carried out
with an acid hydrolysis time of 7 minutes, and
variations in the concentration of H,SO. used
were 45% (w/w) and 50% (w/w). The cellulose
hydrolysis was carried out for 7 minutes to
avoid burning the cellulose. The hydrolysis of
cellulose was carried out at the 40 °C. The
selection of a temperature of about 40 °C was
based on the temperature commonly used in
acid hydrolysis in previous research (Ningtyas
et al., 2020; Wulandari et al., 2016; Xiong et
al., 2012). FTIR, XRD, and PSA
characterization reviewed the success of CNC
synthesis. FTIR characterization examines
whether there is a change in functional groups
during the hydrolysis process. The mechanism
of the hydrolysis reaction of cellulose with
acids can be seen in Figure 1. The results of
the FTIR spectrum can be seen in Figure 2.
With CNC I, nanocellulose was obtained with
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H2S04 45% (w/w) and CNC II, nanocellulose
was obtained with H2SO4 50% (w/w).

The absorption peak at 3300 cm™ in the three
spectra indicates the presence of O-H
functional groups on the cellulose and CNC
surface (Douglas et al., 2018). The peak at
2892 cm? indicates the presence of
asymmetric stretching vibrations originating
from the C-H group with sp® hybridization. In
addition, the peak at 1316 cm™ indicates the
presence of C-O-C ether groups forming from
B(1—4) glycosidic bonds in cellulose. The
peak at 1060 cm™ indicates the stretching
vibration mode of the C-O-C group on the
pyranose ring (Mandal & Chakrabarty, 2011).

P-ISSN: 2460-6065, E-ISSN: 2548-3013

The absence of a peak at 1700 cm™ means that
the cellulose precursor is free from lignin
(Dewi et al., 2017). It can also be noted that
there is no difference in the absorption peaks
for the absorption spectra of cellulose, CNC I,
and CNC Il. Therefore, acid treatment for the
hydrolysis of cellulose does not alter the
functional groups of cellulose (Wulandari et
al., 2016).

The following characterization used
XRD to calculate the degree of crystallinity
and identify the type of cellulose utilized. The
diffractogram for cellulose, CNC I, and CNC
Il can be seen in Figure 3.
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Figure 1. The reaction mechanism of cellulose acid hydrolysis (Lee et al., 2014)
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Figure 3. Cellulose, CNC I, and CNC Il diffractogram

In the cellulose, CNC I, and CNC Il
diffractograms, a typical peak at 20 of 14.5°,
16.5°, and 22.5° was observed, indicating that
the type of cellulose used is a type | cellulose
which has a parallel chain arrangement
(French, 2014). Intensity contributors in the
three prominent peaks have Miller indices
(110), (110), and (200) (Gong et al., 2017).
The degree of crystallinity can be calculated
uisng equation (1).

I00-1 _
C - 200~ 'non—cr X 100%
I200

Where I is the intensity at 20 22.5° and Inon-
cr is the intensity at 20 of 18.5° (Terinte,
Ibbett, & Schuster, 2017).

Percent crystallinity for cellulose, CNC I,
and CNC Il were 53.4%, 69.9%, and 71.1%,
respectively. The increase in percent
crystallinity in CNC |1 is affected by H,SO.
that plays a role in hydrolyzing the amorphous
side of cellulose (because the amorphous side
has a smaller density) (Lee et al., 2014,
Wulandari et al., 2016). With the high
concentration of H2SO4, the more hydrolyzed

amorphous side so that the percentage of
crystallinity is also higher.

The CNC I and CNC Il particle size was
measured by particle size analyzer (PSA). The
particle size distribution of CNC | and CNC I
can be seen in Figure 4. In the size distribution
for CNC |, it can be seen that there are two
dominant size distribution peaks. The first
peak is at 142 nm and the second is at 7028
nm. CNC Il also found two dominant size
distribution peaks at 319 nm and 4364 nm. The
size of the CNC is smaller with the
concentration of H,SO4 is smaller. It indicates
that the higher H.SO. concentration does not
result in a smaller CNC size (Wulandari et al.,
2016). In addition, CNC with a higher
concentration of H,SO. produces a higher
degree of crystallinity which causes long-range
order, hence the particle size is larger for CNC
I, and the size range for CNC Il is smaller
than CNC | (Alojaly & Benyounis, 2020). The
CNC obtained with this hydrolysis method
resulted in an appropriate smaller dimension of
about 100 and 300 nm than the CNC obtained
from the electrospinning method with the
dimension of about 600 nm (Dewi et al.,
2018).
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Figure 4. Particle size distribution (a) CNC | and (b) CNC 1l

Modification  of
Nanocellulose Acetate

Modification of CNC was carried out by
using pre-made CNC. The hydroxy functional
group on the surface was modified using an
acetic anhydride reagent which reacts with the
hydroxy group on the CNC to form an acetyl
group. The choice of acetic anhydride reagent
was based on the good reactivity of acid
anhydride compared to acetic acid. Acetic
anhydride has an excellent leaving group
(Klein, 2017). During the acetylation reaction,
pyridine is added as a base catalyst, which
plays a role in deprotonating the hydrogen in
the alcohol with oxygen with an effective
charge of +1 (Gero & Markham, 1951). A
picture of the mechanism of the acetylation
reaction is shown in Figure 5.

Nanocellulose Into

In analyzing the resulting functional
groups, characterization was carried out using
FTIR. The FTIR spectrum of CNC | and CNC
Il as comparison and O-CNC I, and O-CNC I
as nanocellulose acetate can be seen in Figure
6. The broad peak at 3300 cm™ on O-CNC |
and O-CNC Il indicates the presence of
asymmetric vibrations in the O-H group. This
shows the presence of unacetylated hydroxy
groups. The presence of a new peak at 1750
cmt in the O-CNC I and O-CNC I absorption
bands indicates the presence of a carbonyl
group originating from the acetyl group. This
confirmed that O-CNC was successfully
formed ( Deepashree et al., 2013). In addition,
a new peak at 1250 cm indicates the presence
of a C-O-C functional group with a stretching
vibration mode originating from the ester
group (Krishni et al., 2013).
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The Potential of Nanocellulose Acetate as
Surfactant

Surfactant is a type of material that can
reduce the value of the IFT of the water and oil
system because it can be adsorbed at the water
and oil interface (Assadi et al., 2012).
Therefore, the IFT value measurement for the
water system with vegetable oil was carried

out before and after the addition of CNC and
O-CNC. The concentration used in testing the
potential as a surfactant was carried out in the
surfactant concentration range of 500 — 2000
ppm. The trend of the IFT value due to the
addition of CNC 1 is shown in Figure 7. From
this curve, it can be observed that the
downward trend in IFT value is seen with the
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increase in the concentration of CNC 1. The
decrease in IFT value is visible with the
addition of 2000 ppm of CNC I.

Furthermore, measurements were made
for the effect of adding CNC IlI. The trend of
IFT value due to the addition of CNC Il can be
seen in Figure 8. From that curve, it can be
observed that the downward trend in the IFT
value appears in the early days of adding CNC
Il at a concentration of 500 — 1500 ppm. An
increase in the IFT value was observed at a
concentration of 2000 ppm, this IFT trend
fracture may indicate the formation of micelles
(already exceeding the CMC).
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Figure 7. IFT trend of the water-palm oil system
with added CNC |
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Figure 8. IFT trend of the water-palm oil system
with added CNC |1

The trend of IFT value due to the
addition of O-CNC | can be seen in Figure 9.
From Figure 9, the downward trend in IFT
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value appears with the gradual addition of O-
CNC I. The decrease in the IFT trend, which is
greater than the addition of CNC I, indicates
O-CNC | can function as a better surfactant
than CNC I

The trend of IFT value due to the
addition of O-CNC Il can be seen in Figure
10. Figure 10 observed that there was a match
with the data on O-CNC I, where there was a
decrease in the IFT value with increasing
concentration of O-CNC II. In the O-CNC 1l
concentrations of 1000 ppm, 1500 ppm, and
2000 ppm, no significant decrease in the IFT
trend was observed. This result indicates the
formation of micelles because the added
surfactant has exceeded the CMC point
(Moldes et al., 2020).
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Figure 9. IFT trend of the water-palm oil system
with added O-CNC |
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Figure 10. IFT trend of the water-palm oil system
with added O-CNC |1

These results reveal that CNC does not
reduce the IFT at the interface between water
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and palm oil. This is consistent with earlier
computational research. The IFT value
produced by adding CNC without modification
shows a higher IFT value (46.38 dyne/cm) than
before adding CNC (43.63 dyne/cm) at room
temperature in a water system with crude oil
(Ledyastuti et al., 2021). The decrease in the
IFT value can be seen from the addition of O-
CNC to the water system with palmitic acid at
room temperature from 43.63 dyne/cm to
40.21 dyne/cm. This shows that O-CNC can
act as a better surfactant than CNC.

The productions result from molecular
dynamics simulations were also analyzed to
calculate the IFT value generated from each
system. Initially, the simulation was carried out
with three model systems: water-palmitic acid,
water-(palmitic  acid)-CNC, and  water-
(palmitic acid)-(O-CNC). The production stage
was performed for 10 ns in these three systems
with an NPT ensemble with temperature
variations of 25, 30, 35, 40, 45, and 50°C. By
calculating the IFT value computationally, it
can be seen whether there is a match between
the IFT trend generated and the IFT results
measured in the experiment. The trend of
changes in the value of the IFT from various
temperatures for various model systems can be
seen in Figure 11.
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Figure 11. Trends in IFT values in various
temperatures and various system variations

Furthermore, the production time was
expanded for the water-palmitic acid, water-
(palmitic  acid)-CNC, and water-(palmitic
acid)-(O-CNC) systems to 50 ns. The IFT
trends generated from the three systems are
shown in Figure 12.

From Figure 12, the correspondence
between the experimental and computational
results can be observed using IFT for the

Ibrahim and Ledyastuti

smallest value of O-CNC at each temperature.
Furthermore, the analysis of what interactions
occur in the O-CNC functional group is carried
out. According to the definition, surfactants
have polar and non-polar sides where the polar
side interacts with the polar phase of the
system, and the non-polar side interacts with
the non-polar side of the system. This analysis
can be done with the radial distribution
function (RDF). The radial RDF describes the
density variation around the reference atom as
a function of the distance from a point (Sha et
al.,, 2011). In this RDF, two analyses were
carried out in which the carbonyl group acted
as the polar side/group calculated the distance
from the water, and the pyranose ring acted as
the non-polar side calculated the distance from
the palmitic acid.

28 1 With O-CNC
With CNC
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Figure 12. IFT results from 3 systems
performed with a production time of 50 ns.
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The RDF for the hydrophilic carbonyl
side of O-CNC with respect to water is shown
in Figure 13.
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Figure 13. Radial distribution with carbonyl as
reference and water as a particle whose distance is
calculated (25°C temperature data, water-(palmitic
acid)-(O-CNC) system)
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In Figure 13, it is observed that there
are sharp peaks at r of 0.18 and 0.27 nm. This
result indicates that the carbonyl group in O-
CNC interacts with water with hydrogen bond
interaction because hydrogen bonds have a
bond range between 0.12-0.3 nm (Grabowski,
2020).

Furthermore, the radial distribution for
the hydrophaobic side of the pyranose ring in O-
CNC with respect to C in palmitic acid is
shown in Figure 14. Figure 14 shows sharp
peaks for C1 and C2 in palmitic acid at r of
0.4-0.5 nm. This result indicates an interaction
with van der Waals forces between C on the
pyranose ring and C on the palmitic acid
(Zhang, 2013). The results of this RDF support
the explanation of the O-CNC that can reduce
the IFT value in experimental measurements.
The downward trend in the IFT value is due to
the polar and non-polar groups in O-CNC
interacting with both water and vegetable oil
systems, so the IFT value decreases (Rosen,
2004).

25+

g(r)

s H

054

r (nm)

Figure 14. Radial distribution with C on the
pyranose ring as a reference and palmitic acid as a
particle whose distance is calculated (25°C
temperature data, water-(palmitic acid)-(O-CNC)
system)

4. CONCLUSION

CNC was successfully made by
hydrolysis  using H,SO. to  produce
nanoparticle sizes for CNC | 142 nm and CNC
I 319 nm. Furthermore, O-CNC was
successfully synthesized from the previous
CNC precursor using an acetic anhydride
reagent. The FTIR spectrum showed that there
are new peaks at 1721 cm™ and 1250 cm?,
which indicate the presence of C=0 and C-O
functional groups in O-CNC. In computational
and experimental IFT measurement results, O-
CNC reduces the IFT value in the water-
vegetable oil system more than CNC. RDF

P-ISSN: 2460-6065, E-ISSN: 2548-3013

analysis showed that the carbonyl group in O-
CNC forms a hydrogen bond with water, while
the C-C group on the pyranose ring interacts
with C in palmitic acid by van der Waals
forces. From the results of the analysis, it was
found that O-CNC can act as a surfactant.
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