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Abstract: In this study, cellulose and cellulose nanofibers (CNF) were extracted and prepared from
cassava peels (CPs). The method of the cellulose extraction was performed by alkali treatment
followed by a bleaching process. The CNF were prepared by mechanical disruption procedure
(homogenization and ultrasonication), and the results were compared with a common acid
hydrolysis procedure. The resulting cellulose and CNF from both procedures were then analyzed
using FTIR, SEM, TEM, XRD, and TGA. The results show that cellulose and CNF were successfully
prepared from both procedures. The physical properties of the produced CNF were different;
however, they hadsimilar chemical properties.
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1. Introduction

The utilization of agriculture industrial wastebecame an interesting issue in recent years due to
environmental and economic consideration. Cassava (Manihotesculenta Cranz) is one of the major
tropical crops and a high source of carbohydrates grown in tropical and subtropical regions [1].
Indonesia has become the third largest producing country of cassava,with production approaching
25 million tons at the end of 2015 [2]. Cassava industrial processing is performed mainly to separate
starch from the roots, which generates highly abundant solid wastes, including bagasse and peels.
The resulting cassava bagasse is a starchy, fibrous, and very moist material. [3]. This is used for
bioethanol, compost production, cattle feed, and filler in pasta and sauces. Without any processing,
cassava peels (CPs) are usually discarded in the surroundings, such as a landfill [4]. The peeling
fraction and bagasse obtained has been found to be around 11 and 12%, respectively, of the dried
cassava root mass [5]. The chemical content of CP is 37.9% cellulose [6-8], 23.9% hemicellulose, and
7.5% lignin [6]. Other researchers found the cellulose contained in CP to be lower, reported 14.8% by
Leite et al. [5]. Thus, CP is a rather promising source of cellulose as an alternative to wood
consumption.

Cellulose is a natural polymer material, which is renewable, prolific, and decomposable. It has a
big molecular weight (exceeding 500.000 Da) and long chain polymer with the range of size from 10
to 350 in the dimension of nanometers [9,10]. Nanocellulose can be called nanoparticles that have
distinguished physical characteristics that could be used to improve the mechanical properties of
polymer nanocomposites [11,12].

Amid the numerous techniques to produce nanocellulose, the acid hydrolysis method-as the
most famous method-is generally applied [12]. This method is appropriate and produces
nanocellulose quickly and with better properties. It disrupts the irregular, shapeless, and amorphous
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portion of cellulose that can eliminate single and perfect crystal. There are numerous phases in the
method, i.e., hydrolysis of cellulose with strong acid under arranged conditions; controlling of
hydrolysis procedure with adding water; centrifugation; using a cellulosic membrane to do dialysis,
followed by ultrasonication and, finally, drying of the last suspension product [13,14]. The drawback
from this procedure is that it is time-consuming and its big volume consumption of acid. The
preparation of nanocellulose from 1 g of dried cellulose requires approximately 10 mL of saturated
sulphuric acid.

The study of nanocellulose from cassava bagasse has been investigated by some researchers
[3,12-15]. However, so far, only Leite et al. [5] had examined cellulose nanofibers (CNF) from CPs.
All mentioned researchers obtained the CNF using hydrolysis method by sulphuric acid in the range
concentration of 36-64 wt.%.

Thus, the aim of this study was to examine the procedure of CNF preparation from CPs by
eluding the acid hydrolysis step. In this study, the mechanical disintegration procedure was applied
to generate the CNF. So far, there are no published articles on the using of mechanical disruption
procedure for the preparation of CNF from CPs. This procedure will minimize the use of chemical
reagent and reduce the cost production of CNF.

2. Materials and Methods

2.1. Materials

The CPs were collected from a local industrial cassava chip in Bandar Lampung, Indonesia. All
other chemicals, such as sulphuric acid, sodium hypochlorite, pure microcrystalline cellulose
(MCC), and sodium hydroxide, were purchased from Sigma-Aldrich (Singapore).

2.2. Isolation of Cellulose

Before isolating cellulose, inner CP was obtained by separating from the outer shell. Then it was
cleaned and ground into a suspension. The obtained suspension was air-dried under the sun for 48
h. Ten grams of dried CP were mixed into 0.2 L of NaOH 4% to be refluxed for 120 min at constant
agitating rate and temperature of 90 °C. The blend was bleached using 0.1 L of NaOCl 4% (w/v) for
60 min at the constant agitation and temperature of 80 °C. The resulting residue was cleaned by
deionized water up to a neutral pH and continued with drying the residue for 24-36 h at room
temperature.

2.3. Preparation of CNF

CNF were prepared from the isolated cellulose by two different procedures. Procedure I:
Isolated cellulose colloidal suspension from CP was stirred in an AE300L-H 70G Homogenizer
(Yason, Zhejiang, China) for 10 min at 10,000 rpm. This step was followed by ultrasonication, Sonics
Vibracell (Newton, CT, USA) 0.5 J for 0.5 h. Next, stirred cellulose was refined through a 100-mesh
sieve to gain a homogenous particle size. This procedure was then compared to CNF produced by
acid hydrolysis. Procedure II: The preparation of nanofibers with the acid hydrolysis procedure has
been mentioned in previous work [16] and described as follows. The addition of H2SO4 solution 64%
(w/w) with a ratio of 25:1 between H250: and cellulose was carried out to isolate cellulose using
hydrolysis process at temperature of 50 °C for 120 min. In order to quench the process of hydrolysis,
the an extra 250 mL deionised water was added into the reaction blend. The product was obtained as
suspension of colloid and then centrifugation of 14,000 rpm was applied to the product for 10 min
under the condition of temperature —4 °C followed with the dialyzing process for 5 days to obtain
neutral product and free of sulphate ions. The product was homogenized to produce nanocellulose
using the ultrasonication process for 0.5 h.

2.4. Cellulose and CNFCharacterization
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The purity of cellulose and the portion of hemicellulose in the resulting cellulose
wasdetermined by TAPPI 203cm-99 technique [17], whether the lignin content was decided as
Klason lignin [18]. Characterizations of raw CP, CP cellulose, and CP CNF in terms of surface
morphology were investigated with SEM Zeiss MA 10 (Oberkochen, Germany). The samples were
gold-sputtered to avoid charging. Investigation of existed functional groups in the material was
performed by FTIR Shimadzu Prestige 21 (Shimadzu, Kyoto, Japan) in the measurement range of
4000 to 500 cm*. TEM, JEOL JEM 1400 (Tokyo, Japan) was applied to investigate the morphology of
colloid material. A small amount of a dilute suspension of nanofibers was put on a Cu grid coated
with a thin carbon film. Then, at room temperature, this specimen was dried and, finally, stained
with Ruthenium vapor. The diameter of nanofibers was measured with Image] 1.52G software
(Wayne Rasband NIH, Washington DC, USA). Characterization of material by the XRD was
performed using Bruker D8 Advance (Billerica, Massachusetts, USA). The index of crystallinity (CI)
was calculated by Segal equation:

Cl (%) = Uz00 = lam) 4 Q)
L300
where I and I, are the crystalline region and the amorphous region peak intensity,
respectively.

3. Results and Discussion

3.1. Chemical Composition of CP and Its Nanocellulose

CP is potentially recognized as a raw material of biomass, like cellulose, produced in an
environmentally-friendly, low-cost, innovative product. The chemical composition of dried CP, CNF
the resulted from procedures I and II was investigated and the obtained data are shown in Table 1.
In this study, the dried raw CP contained as much as 40.5% cellulose. This achievement is almost
same as the finding of Tumwesigye et al. [6] and Daud et al. [7]. This demonstrates that CP could be
considered as a good source of cellulose. The influence of using alkaline and bleaching on the CP
composition can increase the cellulose content as desired. The CNF obtained from the procedure I
consisted of 1.3% of hemicellulose, 86.4% of cellulose, and 2.6% of lignin. Moreover, these values are
close to the CNF obtained from procedure II.

Table 1.The chemical composition of cassava peel (CP) and CP nanofibers.

Component Dried CP Cellulose Nanofibers (CNF) Procedure I CNE
Procedure II
Cellulose (%) 40.5 86.4 90.7
Lignin (%) 11.7 26 17
Hemicellulose (%) 21.4 1.3 0.8

Figure 1 shows the physical appearances of untreated CP, and CNF obtained from procedures I
and II in colloidal and powder forms. The homogenous and stable aqueous suspension were
obtained from both procedures (as can be seen in Figure 1b,c).
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Figure 1. (a) Untreated CP,(b) CNF procedure I colloid, (¢) CNF procedure II colloid, (d) CNF
procedure I powder, and (e) CNF procedure II powder.

3.2. FTIR Analysis

FTIR was used to determine the absence of lignin and hemicellulose during the cellulose
separation process. The data of FTIR from untreated CP, CNF obtained from procedures I and II can
be seen in Figure 2. Commercial MCC was used as a data source for pure cellulose spectra. CP is a
lignocellulosic material containing main chemical compounds, such as celluloses, hemicellulose, and
lignin. The principal contents of the fibers contain several functional groups with different oxygen,
such as esters, alkanes, ketones, alcohols, and aromatics [19]. The lignocellulosic materials have
characteristic absorbance peaks at 3350 cm-1, 2900 cm-?, 1740 cm™?, 1430 cm™!, 1166 cm™!, and 896 cm™!
[20]. The peak appearance around 3500 and 3200 cm! indicates the specific -OH stretching from
cellulose [21]. The increase of peak intensity after treatment indicates a rise in the content of cellulose
[18]. The peak located at 1734 cm-! in the spectrum of the raw CPs is referred to the functional group
of C=0 stretching from the groups of acetyl and uronic ester, indicating hemicellulose or ester from
carboxylic groups, which refer to p-coumaric and ferulic acid of lignin and/or hemicellulose [22].
This band was decreased a lot in both spectra of CNF and no longer appears in spectra of the MCC
due to the high purity of cellulose. The band at 1515 cm that only exists in raw CP was related to
C=C lignin aromatic vibration [20]. The absorption peak at 1640 cm!, 1430 cm™!, 1374 cm™', and 1166
cm! was associated with water absorption, CH: bending vibration, deformation of C-H aromatic
ring, and C-O-C linkages, respectively. The peak at 896 cm™ was assigned to glycoside bond
formation of cellulose. Table 2 summarizes the detail FTIR characteristic peak at each sample.

a
MM\__’
b

% Transmittance (a.u.)

3350

T T T T
4000 3500
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3000 2500 2000 1500 1000 500

wavenumber, cm’’

Figure 2.FTIR spectra of (a) raw CPs, (b) CNF procedure I, (c¢) CNF procedure II, and (d)
microcrystalline cellulose (MCC).

Table 2.Assignment of characteristic absorption peak (cm™) in cellulosic material [18].

Raw CP CNF Procedure I CNF Procedure L MCC Assignment

3420 3345 3345 3350 OH stretching
2922 2920 2910 2900 CH stretching of CH2 and CHs groups
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1740 s * 1740 w * 1730 w * - C=0 stretching of acetyl or carboxylic acid
1640 1640 1640 1640 H-O-H bending of absorbed water
1515 - - - C=C stretching of aromatic ring (lignin)
1429 1430 1430 1432 CHz2bending
1376 1374 1374 1372 C-H deformation
1335 1335 1335 1335 OH in plane bending
1166 1165 1165 1164  C-O-C anti symmetric bridge stretching
1062 1080 1080 1080  C=O symmetric stretching of primary alcohol
- 896 896 896  B-Glycosidic linkages of glucose ring (cellulose)
* s = strong, w = weak.
3.3. XRD

Figure 3 shows the diffractogram of raw CPs, CNF obtained from procedures I and II, and
commercial MCC. The diffractogram of both CNF procedures are similar in appearance. The
crystallinity index (CI) points to the comparison of the crystalline toward the amorphous area of
cellulose. This was used to determine physical characteristics of the fiber necessary to be used in
industry for a special goals, such as thermal stability, elasticity, absorptive capacity, and others.
Upgrade of crystallinity is supposed to elevate the rigidity and stiffness, and consequently strength,
resulting in a higher resistance toward cracks, therefore allowing the nanocomposites production
with the improvement of mechanical properties in nanostructures [23]. The diffraction peak of all
samples emerging at 20 values of 16° and 22° may refer to cellulose I type. The other peak, at about
34.5°, proved that type I of cellulose is stuck in the fiber.

Intensity (a.u.)

Figure 3.XRD of (a) untreated CP, (b) CNF procedure I, (c) CNF procedure II, and (d) MCC.

Segal method was used to calculate CI with the principal diffraction peak of cellulose I around
22° and the lowest intensity at around 18° [24]. It was found that the raw CP has the lowest CI of
21.9%, since it contains a great amount of amorphous area. After nanofibers preparation via
mechanical (CNF procedure I) and acid hydrolysis (CNF procedure II), the crystallinity of the fibers
raised to 62.1% and 63.3%, respectively (Table 3). This occurred because the deletion of
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hemicelluloses and lignin bound to the fibers of cellulose. As expected, MCC showed the highest CI
of 78.3%, due to its high purity of cellulose. The increase of the crystallinity upon acid hydrolysis
indicated the dissolution of an amorphous region of the cellulosic fibers. The sulphuric acid attacks
and penetrates the amorphous region of the cellulose during the hydrolysis process permitting the
hydrolytic disruption of glycosidic bonds and, finally, liberating individual crystallites [19].

Table 3.Crystallinity index (CI) (%) of raw CP, CNF procedures I and II, and commercial MCC.

Samples 20 amorphous (°) intensity 20 (200) (°) intensity CI (%)
Raw CP 306 392 21.9
CNF Procedure I 303 799 62.1
CNF Procedure I 325 886 63.3
MCC 305 1408 78.3

3.4. Thermal GravimetricAnalysis(TGA)

TGA and differential thermal gravimetric (DTG) curves of the raw CP and CNF obtained from
procedures I and II are shown in Figures4 and 5, respectively. Table 4 summarizes the characteristic
of the sample’s thermal properties extracted from the curves. Cellulose, hemicellulose, and lignin, as
the major component of lignocellulosic materials, are decomposed at different temperatures.
Cellulose starts to decompose at 315 °C and continues up to 400 °C. Hemicellulose begins its
decomposition at 220 °C and persists until 315 °C. Meanwhile, lignin decomposition is extended to a
wide temperature range from 200 and 700 °C. The percentage of solid residual after pyrolysis at 700
°C for cellulose, hemicellulose, and lignin are 6.5, 20, and 46 wt.%, respectively [25].The TG results
(Figure 4) disclosed two major degradation stages: the first is in the range of low temperature under
150 °C and then in the high temperature with a range from 200 to 600 °C. In the range of 25-150 °C, a
little mass disappearance (less than 10%) was found for all specimens because of the evaporation of
materials humidity. Decomposition of the raw CP displays a number of steps, demonstrating the
existence of different component in the sample that decomposed at different temperature. In the
temperature of 200-600 °C, loss of relative mass will be greater (over than 60%) as a consequence of
main thermal lignocellulosic materials’ decomposition. Decomposition of CNF resulting from
procedures I and II at 600 °C are close to 1620 wt.%.

DTG curves (Figure 5) led the investigation of the maximum mass loss rate of the samples. A
small peak appears at 250 °C during the decomposition of raw CP. This peak was attributed to
hemicellulose decomposition [25]. CNF that resulted from procedure I started decomposing at a
lower temperature than the one that resulted from procedure II, and it showed a higher amount of
residual product. This result supports the data in Table 1, i.e., that the remaining lignin and
hemicellulose content in CNF that resulted from procedure I were higher than the CNF that resulted
from the procedure II.
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Figure 4.Thermogravimetric (TG) curve of (a) raw CP, (b) CNF procedure I,and (c) CNF procedure
II.
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Figure 5.Derivative thermogravimetric (DTG) curve of (a) raw CP, (b) CNF procedure I, and (c) CNF
procedure II.

Table 4. TG thermal properties of samples.

Samples Initial Degradation Maximum Degradation Rate Residue
P Temperature (°C) Temperature (°C) (%)
Raw CP 2153 3159 22.8

CNF 192.2 317.5 19.9
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Procedure I
CNF

Procedure II 218.7 338.2 16.2

3.6. SEM

SEM images of raw CP and its CNF are displayed in Figure 6. The raw CP has starch constituent
more than 60%, and it is clear from the figure that the starch granules from raw CP have been
removed after chemical and mechanical treatment at both CNF samples. The presence of a regular
arrangement of cellulose fibers in the CNF obtained from procedure I sample can clearly be seen.
This corroborates the evidence of a sufficiently high degree of crystallinity in the sample. In the CNF
obtained from the procedure II sample, the fiber arrangement was less visible than in the one
obtained from the procedure I sample because of the smaller particle size of CNF procedure II that
tends to form agglomerate between nanoparticles caused by hydrogen bonds.

©

Figure 6. SEM image of (a) raw CP, (b) CNF procedure I, and (¢) CNF procedure II.

3.6. TEM

Observation of the nanomaterial morphology and nanometer scale was investigated by TEM.
The hydrolysis of acid or mechanical disruption was intended to release the amorphous portion of
the fiber of cellulose and decrease the fiber size to scale of nanometer. Figure 7 displays the TEM
micrographs of both CNF. The figure shows that the appearance of CNF obtained from procedure I
is in fiber-form, whereas the one obtained from procedure II is in needle-like configuration with
small agglomeration. The CNF procedure II inclines to agglomerate, which had the crystallites
stacked together, possibly due to a charge on the ionic surface as an outcome of the acid hydrolysis
[23]. The CNF obtained from procedures I and II had an average diameter of 8.2 and 6.7 nm,
respectively (Figure 8).

-0 )

100.0nm

(@)
Figure 7. TEM image of (a) CNF procedure I and (b) CNF procedure II.
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Figure 8. Diameter distribution of (a) CNF procedure I and (b) CNF procedure II

5. Conclusions

This work was directed to examine the preparation of CNF by avoiding an acid hydrolysis step
(Procedure I). The product was then compared with the results of the acid hydrolysis method
(Procedure II). Bleaching and alkaline treatments of CP eliminated great amounts of amorphous
substances and provided cellulose as the principal separated portion. Mechanical treatments
(homogenization and ultrasonication) effectively produced nanometric cellulose fibers. TEM
analysis ensured that CNF were present in the samples which were performed as a treatment. The
diffractogram of XRD showed that the crystallinity of CNF from the CPs was higher than the initial
dried raw materials. The spectra of FTIR confirmed that the process of bleaching and alkaline
effectively released most components of lignin and hemicellulose. The CNF obtained from
procedure I had specifications that indicate their feasible utilization as a reinforcement substance in
nanocomposite.
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