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ABSTRACT
The novelty of this work lies in isolating cellulose nanofibers from ramie
(Boehmerianivea (L) Gaud) using chemical-ultrasonication treatment. The
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cellulose nanofibers were successfully isolated from ramie with a diameter ~ treatment; ultrasonication

and length of 9.9-89.1 nm and 1 pm, respectively. The samples were
characterized by scanning elect!}n microscopy, transmission electron : BAETHE, Tk
microscopy, particle size analysis, Fourier transform infrared spectroscopy, — s7u, (poeubm, s
X-ray diffraction analysis, and thermogravimetric analysis. Indeed, there is a B L

decrease in the hemicellulose and lignin content while the cellulose content

increases due to the pulping and bleaching processes. The chemical-ultra-

sonication treatment results in a high yield of cellulose nanofibers (89.35%).
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Introduction

The depletion of petroleum-based resources and concerns over environmental issues such as climate
change and global warming have led to the development natural fibers instead of synthetic fibers
(Damanik et al. 2017; Silitonga et al. 2017; Vignesh, Balaji, and Karthikeyan 2016). This is largely due
to the fact that natural fibers are relatively inexpensive, lightweight, biodegradable, and environmen-
tally friendly, considering that the production of synthetic fibers uses significant amounts of energy
and synthetic fabrics contribute significantly to marine plastic pollution. In addition, natural fibers
have high specific strength (Abral et al. 2014; Senthamaraikannan et al. 2016; Wahono et al. 2018).
With the advent of renewable energy-based technologies, it is now possible to replace synthetic fibers
such as glass fibers with natural fibers in reinforced composites, which will help mitigate environ-
mental issues in the long term (Manimaran et al. 2017; Cadena et al. 2017; Syafri et al. 2017).

A large number of studies have been carried out to isolate highly purified cellulose nanofibers
(CNFR) from various plants such as ramie (Lu and Cao, and Xiaodong 2006), wood (Abe, Iwamoto,
and Yano 2007), sisal (Mordn et al. 2008), pineapple leaves (Cherian et al. 2010), Imperatabrasiliensis
Trin. (Brazilian satintail) (Benini et al. 2016), and Ipomoea staphylina (Santhanam et al. 2016).
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Pretreatment and nanofibrillation are necessary to produce CNFR from plant fibers. Various
pretreatment processes have been implemented to remove noncellulosic materials from the plant
fibers such as alkali treatment (Yongvanich 2015), enzymatic pretreatment (Tibolla et al. 2017), ionic
liquids (Han et al. 2013), TEMPO (22,6,6-tetramethylpiperidinel-oxyl)-mediated oxidation
(Quintana et al. 2017), and steam explosion treatment (Chirayil et al. 2014). Following this,
nanofibrillation technologies such as grinders and ultrasonication (Khawas and Deka 2016) were
used to isolate the nanofibrils from the purified cellulose fibers.

High-intensity ultrasonication has been proposed as a nanofibrillation method in order to isolate
microfibers and nanofibers from cellulose fibers (Khawas and Deka 2016). The powerful mechanical
oscillating power and high-intensity ultrasound waves produce implosive collapse of bubbles in
liquids. This phenomenon is known as acoustic cavitation, which provides 10-100 kJ mol ™' of energy
and is capable of breaking down hydrogen bonds. When the rapidly forming and collapsing micro-
bubbles interact with one another and collide with the cellulose surface, they erode and denude the
surface, resulting in fibrillation and formation of nanofibers (Chen et al. 2011a; Kusumo et al. 2017).

Owing to the advantages of natural fibers and benefits of high-intensity ultrasonification treat-
ment, in this study, an attempt has been made to isolate CNFR were isolated from ramie
(Boehmerianivea (L.) Gaud) by means of chemical-ultrasonication treatment in order to enhance
the effectiveness of hemicellulose and lignin removal and attain a high yield of CNFR. The samples
were characterized by scanning el@@tron microscopy (SEM), transmission electron microscopy
(TEM), particle size analysis (PSA), Fourier transform infrared (FTIR) spectroscopy, X-ray diffrac-
tion (XRD) analysis, and thermogravimetric analysis (TGA). It is believed that the findings presented
in this article will provide insight on the use of chemical-ultrasonication treatment in the production
of CNFR.

Materials and methods
Materials

The ramie plants were collected from Politeknik Pertanian Payakumbuh, Indonesia, located ~700 m
above sea level. The ramie fibers were collected by removing the bark from the main stems of the
plant by a process known as decortication. The following reagents were used in this process: (1)
sodium hydroxide (NaOH, purity > 98%), (2) potassium hydroxide (KOH, purity: 99%), (3) sodium
chlorite (NaClO,), and (4) acetic acid (CH;COOH).

Isolation

The ramie fibers were first cut into small pieces (length: 10-20mm) and dried under the sun for 3
days in order to reduce their water content 9-11%. Next, 500 g of dried ramie fibers and 18 (w/v)%
of NaOH were added into a digester and the ramie fibers were cooked for 120 min at a temperature
of 170°C and pressure of 7-9 bar in order to remove hemicellulose and lignin (Syafri et al. 2016).
After the pulping process (PR), the ramie fibers were washed with distilled water until the pH was
neutral (pH = 7). The bleaching process was carried out in two stages in order to remove residual
hemicellulose and lignin form the ramie fibers. In the first stage, the 5 (w/v)% of NaClO; and 3 mL
of CH;COOH were added into the pulp and the bleaching process was conducted for 120 min at
170°C until the pH was slightly acidic (pH = 5). The pulp remaining after the first stage of bleaching
process was washed with distilled water until the pH value was neutral (pH = 7). Next, the second
stage of the bleaching process (BR) was carried out using 4 (w/v)% of KOH for 60 min at 80°C. The
chemically purified cellulose ramie fibers were loaded with 2(w/v)% of deionized water and soni-
cated using a 1.5 cm cylindrical probe (frequency: 22 kHz, output power: 400W) for 60 min at a
temperature of 70°C. Figure 1 shows the flowchart of the steps involved to isolate the CNFR from
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ramie. The yield of the CNFR was determined using Eq. (1) based on the weight of the CNFR and
weight of native cellulose fibers determined from thermogravimetric measurements:

(1)

Yield(%) — ( Weight of cellulose nanofibers ) Loo

Weight of native cellulose fibers

Characterization

The chemical compositions of the raw ramie fibers (RR), ramie fibers after PR, and ramie fibers after BR
were measured in accordance with the ASTM D 1104-56 standard (hemicellulose), TAPPI T9m-54
standard (cellulose) and TAPPI T3m-54 standard (lignin). FTIR spectroscopy analysis was performed
using Perkin Elmer Frontier'™ FTIR spectrometer with a wavelength range of 400-4,000 cm ' The
crystallinity of the samples was determined from the X-ray diffractograms measured over a 20 range of
2-100° and time step of 20°/min. PANalytical X-ray diffractometer with Cu-Ka radiation (A = 1.5406 A,
voltage = 40 kV, current = 30 mA) was used for the XRD analysis. The crystallinity index (CI) was
calculated based on the intensity of the 002 peaks (Iyoz, 26 = 22.6° and the minimum intensity between
the 200 and 110 peaks (I, 26 = 18°) using the method of Segal et al. (Gopinath et al. 2016; Segal et al.
1959), which is given by Eq. 2. Here, Iy represents the intensity of the crystalline and amorphous phases
whereas I, represents the intensity of the amorphous phase.

CI (%) = (M) % 100 (2)
Iooz

The thermal degradation characteristics of the CNFR were assessed using a thefhogravimetric analyzer
(Model: TGA4000, PerkinElmer, USA) within a temperature range of 50-500°C at a heating rate of 10°C/
min and nitrogen flow of 60mL/min. The surface morphologies of the ramie fibers (RR, PP, and BR
samples) were observed using a SEM (Model: S-3400N, Hitachi, Ltd., Japan) at 20 kV. The specimens
were prepared for SEM by placing the chemically treated ramie fiber particles on to a double-sided
carbon tape in high vacuum mode. TEM (Model: JEM 1400, JEOL, USA) was used to examine the surface
morphology of the CNFR. The specimen was prepared by placing a few drops of the ultrasonicated
CNFR suspension onto a thin carbon-coated copper grid. The CNFR suspension was left to dry at room
temperature and the sample was then observed under the TEM at an accelerated voltage of 80 kV. A
particle size analyzer (Model: Delsa™ Nano C, Beckman Coulter Inc.,, USA) was used to measure to the
diameter of the CNFR. Photon correlation spectroscopy was used to determine the particle size by
measuring the degree of fluctuations in the intensity of the laser beam spread due to the particles
suspended in the liquid. The samples were measured under the following settings: temperature: (1)
temperature: 25°C, (2) viscosity: 0.88 cP, (3) scattering intensity: 9581 cps, (4) refractive index: 1.3332,
and (5) time: 2 min. Delsa™ Nano software was used to process the particle size data.

Results and discussion
Chemical compositions of the ramie fibers

Chemical processes (pulping and two-stage BRs) were used to remove hemicellulose, lignin, and
other impurities from the RR fibers, producing chemically purified cellulose fibers. The chemical
compositions of the RR, PR, and BR samples are presented in Table 1. It can be seen that the

Table 1. Chemical compositions of the raw ramie fibers (RR), ramie fibers after the pulping process (PR}, and ramie fibers after the
two-stage bleaching process (BR).

Sample Holocellulose (witd) Hemicellulose (wtdb) Cellulose (witd) Lignin (wt%)
RR 79.45 9.63 69.83 3.98
PR 92.09 7.52 8456 1.97

BR 93.09 6.42 86,69 1.76
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holocellulose content increases from 79.45wt% (RR) to 93.09wt% (BR) due to the pulping and BRs,
which corresponds to an increase of 17.16%. In contrast, the hemicellulose content decreases from
9.63wt% (RR) to 6.42wt% (BR), which corresponds to a decrease of 50%. Likewise, the lignin content
decreases from 3.98wt% (RR) to 1.76wt% (BR).The results indicate that the NaClO,, CH;COOH,
and KOH effectively remove most of the hemicellulose and lignin present in the RR fibers. This is
likely due to the destruction of the cell wall structure during the PR (George and Narayanankutty
2016). The lignin reacts with NaClO,, forming a soluble lignin chloride compound (Chirayil et al
2014). The remaining hemicellulose and lignin are removed by the NaClO; and KOH during the
two-stage BR. The lignin, hemicellulose, and cellulose content after the BR are 1.76 wt%, 6.42 wt%,
and 86.69 wt%, respectively.

Surface morphologies of the chemically purified cellulose fibers

Figure 2a, b, and ¢ show the SEM images of the RR, PR, and BR samples, respectively, whereas
Figure 2d shows the TEM image of the CNFR sample obtained from chemical-ultrasonication
treatment. It can be seen from Figure 2a that the RR fibers are composed of large bundles (diameter:
70-150 pm) and the intact structures are covered with other impurities such as hemicellulose, lignin,
pectin, and waxy substances. The morphological structure of the ramie fibers after PR differs
significantly from that of the RR fibers. After 120 min of PR, the fiber bundles were separated
into individual microfibers, as shown in Figure 2b. The termination of the amorphous region is
marked by a significant decrease in the diameter of the ramie fibers from 70-150 pm to 20-50 pm.

After the two-stage BR, the microfibers were separated into individual micro-cellulose fibers, as
shown in Figure 2c. The average diameter of micro-cellulose fibers reduces further to 1-5 pm. It can
be observed that the surface of the micro-cellulose fibers appears to be smoother. The results indicate
that the removal of impurities such as lignin and hemicellulose by delignification and BRs signifi-
cantly reduces the diameter of the ramie fibers from 20-50 um to 1-5 pm as well as disintegrate the
fiber bundles into individual micro-cellulose fibers. The chemical treatment (pulping and BRs)
results in separation of fasciculus due to the removal of lignin in the middle lamella which leads
to disintegration of the compact ramie structure. It is evident that the chemical treatment is effective
for defibrillation of the ramie fibers.

The morphological structure of the CNFR is indeed different from the others, as shown in
Figure 2d. It can be seen that the individual long fibers are tangled together, forming web-like
structure. It is apparent that the nanofibrillation forces introduced by ultrasonication breaks down
the hydrogen bonds in order to defibrillate the cellulose fibers obtained from the chemical treatment.
This disintegrates the micro-fibers to form nanofibrils (Khawas and Deka 2016). The nanofibrils are
tangled, forming a large aggregated bundle with a diameter and length of ~20-50 nm andlpm,
respectively.

Figure 2. SEM images of the (a) raw ramie fibers (RR), (b) ramie fibers after the pulping process (PR), and (c) ramie fibers after the
two-stage bleaching process (BR), and (d) TEM image of the cellulose nanofibers (CNFR).
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PSA

Based on the results obtained from PSA, the CNFR has a uniform diameter within a range of 9.9-
89.1 nm, with an average diameter of 19 nm. Figure 3 shows that the highest differential number
(34.2%) is attained for a diameter of 15.6 nm. The uniform size distribution of the CNFR isolated
from ramie is similar to the results of Chen et al. (2011a); the primary difference being that they
processed flax fibers using chemical-ultrasonication treatment.

FTIR spectroscopy analysis

Figure 4 shows the FTIR spectra of the RR, PR, BR, and CNFR samples. The peaks at 3400-3300 cm ™'
area scribed to stretching vibrations of OH, which indicate the hydrophilic properties of the material.
The peaks at 2900-2800 cm™" area attributed to asymmetric stretching caused by the C-H group
(Jonoobi et al. 2009).

It can be seen from the FTIR spectra that there are no new functional groups present in the ramie
fibers after the pulping and BRs. The peaks at 1625-1642 cm™ area scribed to the bending mode of the
absorbed water (O-H). It is evident from the FTIR spectrum for CNFR that the chemical-ultrasonica-
tion treatment has successtully reduced the amounts ofgllemicellulose and lignin in the ramie fibers
since this peak disappears after treatment. In addition, 1t can be observed the intensity of the peak
at898 cm ! increases after ultrasonication treatment (CNFR) compared with those for RR, PR, and BR
samples. This indicates that the cellulose content is higher for the CNFR, as evidenced from the uptake
of wave at 898 cm ™', which is attributed to the presence of cellulose glucose ring (Chirayil et al. 2014).

XRD analysis

The XRD diffraction patterns were recorded for the RR, PR, BR, and CNFR samples in order to
examine the crystallinity of the fibers at every stage of the chemical-ultrasonication treatment. The

35

30

15

10

Differential number (%o)

1.0 9.9 97.6 964.9
Diameter (nm)

Figure 3. Distribution of diameter of the cellulose nanofibers.
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Figure 4. FTIR specira of the (a) raw ramie fibers (RR), (b) ramie fibers after the pulping process (PR), (c) ramie fibers after the two-
stage bleaching process (BR), and (d) cellulose nanofibers (CMFR).

crystalline indexes of the samples were determined using Eq.(2). The crystalline indexes of the RR,
PR, BR, and CNFR samples are found to be 55.48%, 57.06%, 62.50%, and 73.65% for the RR, PR, BR,
and CNFR samples, respectively, as shown in Table 2. Indeed, the crystallinity of ramie fibers is
influenced by each process used to isolate the CNFR from RR fibers. The crystalline index increases
to 57.06% after the PR, which may be due to the dispersion and removal of noncellulosic compo-
nents (including hemicellulose and lignin) present in the amorphous phases of the RR fibers (George
and Narayanankutty 2016).The crystalline index increases to 62.50% after the two-stage BR, which is
due to the elimination of the remaining lignin. The crystalline index increases further to 73.65% after
ultrasonication, indicating that ultrasonication contributes to homogenization and removal of the
amorphous phase of the CNFR (Chen et al. 2011a). The results conform to the FTIR spectra and the
results are similar to those obtained by Chen et al. (2011b), who isolated CNFR from wood.

Figure 5 shows the X-ray diffractograms of the RR, PR, BR, and CNFR samples. The peaks at
26 = 15.71° 22.34° and 32.00° for the RR sample indicate a typical cellulose I structure (Liu et al
2007). Based on the Powder Diffraction File™ by the Joint Committee on Powder Diffraction
Standards (JCPDS), the RR sample has a monoclinic crystal structure with the following dimensions:
a=674 A, b=593 A, c=10.36A, and y = 810°. After chemical-ultrasonication treatment, the peaks
have shifted to 26 = 12.01° 19.83° and 21.96°, indicating that the CNFR sample has a typical
cellulose II structure. Based on the results, it is apparent that the chemical-ultrasonication treatment
transforms the cellulose structure of the RR fibers from cellulose I to cellulose II structure (Liu et al.
2007). According to JCPDS Powder Diffraction File™, the CNFR sample has a crystal structure with
the following dimensions: a = 7874, b= 1031 A, and ¢ = 10.13A, and y = 900°

TGA

It is crucial to conduct TGA of reinforcing materials in order to determine the applicability of these
materials for bio composite processing at high temperatures. Figure 6 shows the thermograms of the

Table 2. Crystalline indexes of the raw ramie fibers (RR), ramie fibers after the pulping process (PR),
and ramie fibers after the two-stage bleaching process (BR), and cellulose nanofibers (CNFR).

Sample Crystalline index (%)
RR 5548
PR 57.06
BR 6250

CNFR 7365
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Figure 6. TGA curves of the raw ramie fibers (RR), ramie fibers after the pulping process (PR), ramie fibers after the two-stage

bleaching process (BR), and cellulose nanofibers (CNFR).

RR, PR, BR, and CNFR samples obtained from the thermogravimetric analyzer. It can be seen that
the CNFR sample has the highest thermal stability, followed by the BR, PR, and RR samples. The
CNFR sample is characterized by the most pronounced weight loss of the residual ramie fibers
at ~350°C. In general, the thermal decomposition of the cellulosic components takes place within a

temperature range of 200-400°C.
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Table 3. Yield of cellulose nanofibers at a temperature of 70°C.

Ultrasonication treatment time (min) Yield (%)
0* —
30 83.90
60 89.35

*An ultrasonication treatment time of 0 min indicates that the sample consists of native cellulose
fibers obtained from the chemical treatment.

The initial thermal decomposition of lignocellulose has a negligible effect on the thermal decom-
position of cellulose at various levels of treatment. The initial weight loss occurs within a range of
50-200°C, which may be due to the evaporation and removal of water (Wang, Shankar, and Rhim
2017). The carbon residue is ~27% for the RR, PR, and BR samples at 500°C, whereas the carbon
residue is less than 10% for the CNFR sample. The material residues are higher in the RR sample
compared with the other samples, which are expected because RR fibers contain high amounts of ash
and lignin, which have a low degradation rate (Manfredi et al. 2006; Moran et al. 2008).

Yield of CNFR

The yield of the CNFR was calculated using Eq. (1) based on the thermogravimetric measurements
and the results are tabulated in Table 3. It can be seen that an ultrasonication treatment time of 30
and 60 min results in a yield of 83.90% and 89.35%, respectively. The cellulose nanofiber yield
obtained an ultrasonication time of 60 min is greater than that (85%) achieved by Habibi et al
(2008), which corresponds to a difference of 4.35%. They produced CNFR from ramie using the
polycaprolactone-grafted method.

Conclusions

In this study, CNFR were successfully isolated from ramie (Boehmerianivea (L.) Gaud) using
chemical-ultra sonication treatment. The average diameter and length of the CNFR are found to
be 19 nm and 1 um, respectively. Based on the chemical compositions of the RR, PR, and BR
samples, there is a significant decrease in the hemicellulose and lignin content after the pulping
and two-stage BRs. The absorbance peaks at 897 cm™" in the FTIR spectra indicate an increase in
the cellulose content. Based on the TGA results, the CNFR isolated from ramie has the highest
thermal stability. Based on the results of the XRD analysis, the crystalline index increases from
55.4% (RR) to 73.65% (CFNR). It can be concluded that chemical treatment (pulping and two-
stage BRs) followed by ultrasonication is effective to isolate CNFR from ramie with a high yield
of 89.39%.
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