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ABSTRACT

Microfibrillar cellulose (MFC) samples from different agricultural resources and their
wastes were characterized and compared in this study. MFCs were prepared from corn stalk,
sunflower stalk, reed and sesame husk by two different methods. Hydrochloric acid (HCI) was
used in Method 1, while formic acid (CH,0,) and sulphuric acid (H,SO,) were used in Method
2. SEM, FTIR, XRD and TGA analyses were conducted to determine the morphological,
physical and thermal properties of the MFCs. The widths of the MFCs varied between
2.35 pm — 7.96 pm depending on the treatment methods and the raw materials. The crystallinity
index of the lignocellulose increased after the chemical treatment, and the highest crystallinity
index was found to be 82.0% for the sesame husk treated by Method 2. FTIR results indicate the
presence of cellulose (~1640 cm1), hemicellulose (1740 cm), lignin (1510 cm™) and the other
components in the MFCs. The TGA results show that the decomposition temperatures for the
treated samples were higher than those for the untreated samples, indicating that the chemical
treatments increased the thermal stability of the MFCs. As a consequence, it was seen that
agricultural resources and their wastes can be an effective raw material in production of MFCs.

KEYWORDS: Microfibrillar cellulose, agricultural resources, chemical treatment.
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INTRODUCTION

Currently, there is a global interest in replacing petroleum-based products with bio-based
products which are obtained from bioresources such as wood, agricultural sources etc. to solve
the environmental problems associated with the use of petroleum-based products, such as global
warming and pollution of plastics. Bio-based products are carbon neutral, and thus are good
alternatives to petroleum-based products to protect environment. In this regard, cellulose is
a sustainable natural resource for the production of bio-based materials and bio-products.

Cellulose is biodegradable, renewable, non-toxic and the most abundant organic compound
in the world. The amount of cellulose produced by plants each year is approximately 1010 tons.
33% of annual plants, 50% of wood and 90% of cotton are cellulose. By mass, cellulose is composed
of 44-45% carbon, 6-6.5% hydrogen and approximately 50% oxygen (Granstrém 2009).

Cellulose has many traditional applications in paper production (Jonoobi et al. 2015), textile
industry (Mansouri et al. 2015), pharmaceuticals and cosmetics (Olaru et al. 1998), food industry
(Mansouri et al. 2015) and adhesive (Khiari et al. 2011) etc. Nonetheless, cellulose has found
nanotech applications recently (Kallel et al. 2016). Especially, nanotech applications of cellulosic
fibres are preferred in paper industry, regenerative medicine, coating, transparent and barrier
films because of their bio-degradable and renewable properties (Cha et al. 2012). In general, the
micro and nano-sized cellulosic materials are produced with different chemical and mechanical
methods. In the literature, these materials are termed micro/nanocrystallinecellulose (MCC,
NCCQC), micro/nanofibrillar cellulose (MFC, NFC), cellulose nanowhiskers (CNW) etc. MCC
and NCC are like needle-shaped, while MFC and NFC are like cobweb or spaghetti-shaped.
Fig. 1 shows different types of nanocellulosic materials according to new TAPPI Standard WI
3021 (Osong et al. 2016).
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Fig. 1: Different types of nanocellulosic materials (Osong et al. 2016).

In the literature, it is seen that researchers have utilizity various cellulosic raw materials
in nanocellulose production. Because of wide availability and high cellulose content, wood
is commonly used as the raw material. However, the production of nanocellulose from wood
involves multi-stage treatment (Osong et al. 2016). Bleached kraft pulp (Kekildinen et al.
2014a,b), bleached sulphite pulp (Henriksson et al. 2007), sulphite pulp (Wagberg et al. 2008)
and wood powder (Uetani and Yano 2011) were also used as the raw materials in these processes.

Annual plants, their wastes, animal sources and bacteria can be good natural cellulosic
resources for nanocellulose production. Sugar beet pulp (Habibi and Vignon 2008), wheat
straw and soy hulls (Alemdar and Sain 2008a,b), coconut husk (Rosa et al. 2010), potato root
(Dufresne et al. 2000), banana rachis (Zuluaga et al. 2009), flax (Cao et al. 2007), jute (Jahan
et al. 2011), hemp (Wang et al. 2007), cotton (Elazzouzi-Hafraoui et al. 2008), sisal (Morin
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et al. 2008), mulberry (Li et al. 2009b), corn stalk (Reddy and Yang 2005), sugar cane bagasse
(Bhattacharya et al. 2008), rutabaga (Bhatnagar and Sain 2005), palm (Bendahou et al. 2010),
tunicate (Elazzouzi-Hafraoui et al. 2008) and herbal-animal bacteria (Yano et al. 2008) were
used for obtaining of nanocellulose.

In this study, microfibrillar cellulose (MFC) was produced with two different methods from
corn stalk, sunflower stalk, reed and sesame husk. MFC samples were characterized with SEM,

FTIR, XRD and TGA. According to the results of analyses, the samples were compared.

MATERIALS AND METHODS

Materials

Corn stalk, sunflower stalk, reed and sesame husk were obtained from different regions in
Turkey. The chemicals used in MFC production were supplied by the laboratories in Kastamonu
University and University of New Brunswick. Experimental analyses were conducted at the
Faculty of Forestry of Kastamonu University, the Limerick Pulp and Paper Centre, Department
of Chemical Engineering, Department of Geological Engineering and Department of Biology of
the University of New Brunswick.

Methods
Preparation of MFCs

The raw materials were ground with Wiley Mill and screened with a 60-mesh fine sieve to
remove the fine particles. The materials retained on the sieve were dried in an oven at 103+2°C
to constant weight. In the first method, the raw material was extracted with 96% ethanol
(C,HsOH) in a Soxhlet extractor for 5 hours, with six solvent recirculations per hour. The ratio
of ethanol to sample was 80:1 ml-g-l. After the extraction, the samples were dried at 103+2°C to
constant weight. Then the procedures reported by Alemdar and Sain (2008 a, b), were followed.
5 g of the sample was mixed with 400 ml of 17.5% sodium hydroxide (NaOH) solution, and
stirred for 2 hours at 1000 rpm. Then the mixture was filtered and washed a few times with
distilled water in a glass crucible. The solid was then mixed with 400 ml of 1 M hydrochloric acid
(HCI) solution, and stirred with a magnetic stirrer on a hot plate at 80°C for 8 hours. It was then
filtered and washed again. After the acid treatment, a second alkali treatment of the material was
performed with 400 ml of 2% NaOH solution at 80°C for 2 hours with magnetic stirring. It was
then filtered and washed with distilled water.

The second method was based on the method of Nuruddin et al. (2011), and extraction
treatment was applied as in the first method. 5 g of extracted corn stalk, sunflower stalk, reed
or sesame husk were mixed with 300 ml of 90% formic acid (CH,O,) solution and were stirred
at boiling temperature (~100.8°C) for 2 hours. Then the mixture was filtered and washed
5 times with distilled water and in a glass crucible. After that, the sample was treated with
300 ml peroxyformic acid (CH,O3) solution at 80°C for 2 hours. The peroxyformic acid solution
was prepared by mixing 90% formic acid with 4% hydrogen peroxide (H,O,) at a ratio of 2:1.
Then the sample was filtered and washed, and then treated with 300 ml of 17.5% NaOH solution
at 80°C for 1 hour and again the samples were filtered and washed with distilled water, and then
treated with 300 ml of 16% sulphuric acid (H,SO,) solution at 45°C for 2 hours, followed by
filtration and washing.

The treated sample was then soaked in liquid Nitrogen for 5 min to freeze the cell wall water,
and pressed at 100 psi on a Labtech 400-1 Automatic Sheet Press for 10 min. Then the sample
was treated with a sonicator (Model Q_Sonica, 6000 kJ and 1375 W) at 20 kHz for 30 min in

a beaker with water, and then filtered with a 0.45 micron membrane filter.
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Characterisations of the MFCs
Morphology of MFCs

Secondary electron images of the MFC samples were recorded at the University of
New Brunswick Microscopy and Microanalysis Facility with a JEOL JSM-6400 Scanning
Electron Microscope (SEM) using an accelerating voltage of 15 kV and a working distance
of 14 mm. Images were acquired using a Digiscan II controlled by Gatan Digital Micrograph
software. Samples were trimmed to size, attached to mounting stubs. For conductivity,
the samples were coated with carbon by evaporation using an Edwards E306A carbon
coater, and gold using an Edwards S150 sputter coater. Average widths of the untreated and
treated samples were measured with Fiji Software Programme. A total of 120 measurements,
10 for each samples, were performed.

Fourier transformed infrared (FT-IR) spectroscopy analyses of MFCs

FT-IR spectra were recorded using a Spectrum 100 Series (PerkinElmer Ltd, Beaconsfield,
BUCKS, United Kingdom) equipped with an attenuated total reflectance (ATR) device for solids
analysis and a high linearity lithium tantalate (HLLT) detector in the range of 500-4500 cm.
KBr powder (Specpure grade, Aldrich) was used as the background.

X-Ray diffraction and crystallinity measurements of MFCs

X-ray diffraction was measured using a Bruker D8 Advance Spectrometer. The diffractometer
was equipped with a two circle (0 and 20) goniometer housed in a radiation safety enclosure. The
X-ray source was a sealed, 2.2 kW Cu X-ray tube, maintained at an operating current of 40 kV
and 30 mA. The goniometer was computer controlled with independent stepper motors and
optical encoders for the 8 and 26 circles with the smallest angular step size of 0.0001° 26. Samples
were scanned in the range of 5-60° 20. A step size of 0.02° and a step time of 1.0 sec were used
during the measurements. A peltier-cooled solid-state [Si(Li)] detector (Sol-X) with a useful
energy range of 1 to 60 KeV was used as the detector. No correction was made for K radiation.
A set of 2° Soller slits were used in order to lower horizontal beam divergence.

Thermal characterisation of MFCs

Thermogravimetric analysis was done by SDT Q600 from TA Instrument. This was
performed under inert conditions in order to obtain pure thermal decompositions of the samples
by heating under N2 gas at a flow rate of 100 mI'min-1. Approximately between 5-10 mg of each
sample was heated from around 20°C to 600°C at a heating rate of 20°C-min-1.

RESULTS AND DISCUSSION

Morphology of MFC samples

SEM (Scanning Electron Microscope) images which display fibre morphologies of untreated
and treated corn stalk, sunflower stalk, reed and sesame husk samples are shown in Figs. 2, 3,
4 and 5. It is noticed that lignin and extractives were removed in the chemical and mechanical
treatments. The acid hydrolysis crumbled hemicellulose, and in addition to this, the cryo-
crushing and ultrasonification processes disintegrated the fibres from each other. It can also be
seen that the fibres of the samples treated by Method 1 separated well from each other without
splintering (Figs. 2b, 3b, 4b and 5b), whereas the fibres of samples treated by Method 2 separated
from each other by splintering (Figs. 2¢, 3¢, 4c and 5c¢).

716



Vol. 63 (4): 2018

i) - ¥ & o

Fig. 2: Scanning electron micrographs of the (a) Untreated corn stalk (b) Treated corn stalk with Method
1 (¢) Treated corn stalk with Method 2.
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Fig. 3: Scanning electron micrographs of the (a) Untreated sunflower stalk (b) Treated sunflower stalk
with Method 1 (c) Treated sunflower stalk with Method 2

Fig. 4: Scanning electron micrographs of the (a) Untreated reed (b) Treated reed with Method 1 (c) Treated
reed with Method 2.

e ey ;

Fig. 5: Scanning electron micrographs of the (a) Untreated sesame husk (b) Treated sesame husk with

Method 1 (c) Treated sesame husk with Method 2.
According to results in Tab. 1, the width of the MFC obtained by Method 2 was smaller than

the width of the MFC obtained by Method 1. The chemical treatment in Method 2 leads to the
fibre cell wall penetration and thus had more effect on the fibres.
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Tab. 1: Average widths of the untreated and treated samples (jum,).

Samples Untreated Method 1 Method 2
Corn stalk 144.59 6.56 4.94
Sunflower stalk 128.66 5.15 2.35
Reed 120.60 7.96 498
Sesame husk 150.79 4.21 3.48

According to Figs. 2, 3, 4, 5 and Tab. 1, various chemical and mechanical treatments reduced
the dimensions of cellulosic fibres and they transformed the fibres to micro and nano-scale fibres
such as MFC, NFC, MCC and NCC. There are many works in the literature about obtaining
of micro/nano-scale fibers. Frone et al. (2011) obtained NCC with mean particle sizes of 37 nm
and 32.6 nm from MCC with a mean particle size of 20 pum by using two different methods.
Nuruddin et al. (2011) produced microfibrils from dhaincha, rice straw, wheat straw and corn
stalks with chemical treatment. Average diameters were determined as 6.8 pm for dhaincha,
8.7 um for rice straw, 9.3 pm for wheat straw and 6.6 pm for corn stalks in their work. Wang
etal. (2013) stated that the diameter range of the obtained cellulose nanofibrils from waste papers
were between 30-100 nm in their report. Xu et al. (2013) reported that when acid hydrolysis time
was increased from 25 min to 30 min, the average diameters of NCCs decreased from 22.85 nm
to 19.43 nm. Pereira et al. (2017) found average length and diameter of wheat straw cellulose
nanocrystals as 180 nm and 9 nm, respectively in their work. Similarly Kumar et al. (2017) stated
that diameters and lengths of cellulose nanocrystals obtained with sulfuric acid hydrolysis were
within the range of 5-35 nm and 40-290 nm, respectively.

Spectroscopic analysis of the MFC samples

The FT-IR spectra of the untreated and treated samples by different methods were shown
in Fig. 6.
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Fig. 6: FT-IR spectra of the untreated and treated the samples (a) Corn stalk, (b) Sunflower stalk, (c)
Reed.
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The peaks in the region between 3600 cm™ and 3000 cm for all samples reflect the
vibrations of intermolecular hydrogen bonds of ~OH groups (Wong et al. 2004, Ndazi et al.
2007, Wang et al. 2017). For the untreated samples and samples treated by Method 1, the peaks
between 3000 cm™-2800 cm™ are attributed to H-C-H asymmetric and symmetric stretch for
alkane bonds. For all untreated samples the bands between 2200 ¢cm1-2100 cm™ are -C=C-
(alkyne) stretches, and the peak of ~1640 cm™ for treated samples by Method 1 and Method
2 demonstrates vibrations of hydrogen bonds of the OH groups of cellulose and absorbed
water (Rosa et al. 2010, Fahma et al. 2010). A peak around 1740 cm™ was observed for the
untreated samples, which was attributed to the acetyl and uronic ester groups of hemicelluloses,
ester bonds of carboxylic group of ferulic and p-coumaric acids of lignin and/or hemicelluloses
(Trejo-O'Reilly et al. 1997, Sun et al. 2005; Jasmani and Adnan 2017) or to natural fats and
any extractives (Ndazi et al. 2007). The shoulder at around 1510 cm™ for the untreated samples
represents the aromatic C=C bonds in aromatic ring of lignin (Sun et al. 2005, Wang et al. 2017).
All peaks and shoulders in the region 1400 cm1-1000 cm™! for untreated samples were associated
with cellulose. The vibration peak between 2160 cm™ and 2000 cm™! for the treated samples by
Method 1 was attributed to ~-C=C- (alkyne) bonds. The peaks in the region of 1200-950 cm! for
the untreated and treated samples by Method 1 attributed to C—O bonds (Xiao et al. 2001). The
peaks in this region were lost for treated samples by Method 2. The acid treatments in Method 2
probably removed the C—O bonds.

X-Ray diffraction of the MFC samples

The crystalline lattice of cellulose is monoclinic. Individual fibres involve both regular zones
(crystallites) and irregular zones (amorphous). Chemical and mechanical treatments influence the
crystallinity of the cellulosic fibres. For example, the crystalline regions can with stand the attack
of dilute acid, where as the amorphous parts are crumbled and removed (Fengel and Wegener
1984).

Crystallinity index (CI) gauges the orientation of the cellulose crystals in a fibre to the fibre
axis. The crystallinity index was specified by using the wide angle X-ray diffraction (WAXD)
counts at 20 angle close to 22° and 18°. The sharp peak at 22° reflects the crystalline zone, while
the peak intensity at 18° betokens to the amorphous zone in cellulosic materials. In light of this
information, the crystallinity index is calculated using Eq.1.

Cl= Ipp—Iig )

Iz2

where: I,, and I;¢ represent the counter readings at 26 close to 22° and 18°, respectively
(Reddy and Yang 2005).
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Fig. 7: Indicates the crystallite and amorphous zones of the MFCs.
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Fig. 7: X-Ray diffraction of the untreated and treated the samples (a) Corn stalk, (b) Sunflower stalk,
(c) Reed, (d) Sesame husk.

In Tab. 2, the crystallinity indexes of the untreated and treated samples are shown. The
crystallinity indexes of the treated samples were higher than those for the untreated samples.
Furthermore it was found that the crystallinity indexes of the treated samples by Method 2 are
higher than those for the samples treated by Method 1. The highest crystallinity index of 82.0%
was observed for the sesame husk sample treated by Method 2, and the lowest crystallinity index
of 42.2% for the untreated sesame husk. The XRD results indicated that Method 2 was more
effective than Method linremoving the amorphous materials from the fibres.

Tab. 2: Crystallinity index of the untreated and treated samples (%).

Samples Untreated Method 1 Method 2
Corn stalk 50.6 68.1 72.9
Sunflower stalk 47.0 52.7 54.5
Reed 53.5 55.8 58.4
Sesame husk 42.2 68.9 82.0

When Tab. 2 was researched, it was seen that the crystallinity index of the untreated
samples increased by acid hydrolysis treatments and the similar results are found in the literature.
Tonoli et al. (2012) found that when acid hydrolysis time was increased from 30 min to
60 min, the crystallinity index of cellulose whiskers increased from 76% to 82%. Yu et al. (2012)
determined the crystallinity of bamboo NCCs as 71.98% after sulfuric acid hydrolysis and high

720



Vol. 63 (4): 2018

intensity ultrasonication. Neto et al. (2013) used soy hulls in cellulose nanocrystal production
with different acid hydrolysis times and they found that the crystallinity indexes of cellulose
nanocrystals increased from 26.3% to 64.4%, 67.2% and 73.5%. Chan et al. (2013) reported that
the crystallinity index of kenaf core powder increased from 48.1% to 75% as a result of sulfuric
acid hydrolysis. Likewise Wang et al. (2017) determined that crystallinity indexes of mulberry
raw material and cellulose nanowhiskers isolated from mulberry pulp were 67.6% and 92%,
respectively. Cudjoe et al. (2017) found the crystallinity index of CNCs obtained from Miscanthus
giganteus with sulfuric acid hydrolysis as 78%.

Thermal characterisation of the MFC samples

The thermal properties of MFCs are important to their applications in composite materials.
Fig. 8 shows the TGA curves of the MFCs obtained from different agricultural wastes by
different methods. The graphs show that the thermal decomposition of the untreated corn stalk,
sunflower stalk and reed started at about 250°C, while the untreated sesame husk began to
decompose at about 200°C. The initial weight losses of the samples treated by Method 1 were
observed between 0°C and 100°C owing to moisture loss. The main decomposition of the treated
samples by Method 1 took place between 270°C - 300°C, whereas the main decomposition of the
samples treated by Method 2 occurred between 300°C - 320°C. These decompositions continued
until 360°C - 380°C. These results indicated that by Method 2, better thermal properties of the
MFCs were achieved, compared with Method 1.
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Fig. 8: TG4 characterisation of untreated and treated samples (a) Corn stalk, (b) Sunflower stalk, (c)
Reed, (d) Sesame husk.
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The improved thermal stability of the MFCs was attributed to the removal of hemicelluloses
and lignin from the fibres considerably in the chemical treatments and these results are in
agreement with those reported in the literature. Chen et al. (2011) stated that the starting
decomposition temperature of cellulose nanofibres was at nearly 350°C in their report.
De Morais Teixeira et al. (2011) obtained nanofibres from sugarcane bagasse by using two different
acid hydrolysis times. They found that the decomposition of nanofibres happened between
235°C - 365°C and 200°C - 370°C.

He et al. (2013) reported that the decomposition temperature of Bambusa rigida raw material
was 223°C, whereas the decomposition temperature of Bambusa rigida cellulose nanofibres
was 315.2°C, increasingly. Bano and Negi (2017) stated that the main decomposition of
CNC isolated from groundnut shells occurred within the range of 210°C — 340°C. Likewise
Khanjanzadeh et al. (2018) determined that the main decomposition shappened in the range of
258°C — 322°C for unmodified CNCs and in the range of 268°C — 341°C for modified CNCs

with 3-aminopropyltriethoxysilane.

CONCLUSIONS

In this study, microfibrillar cellulose (MFC) was successfully prepared from four different
agricultural residues. The results show that the acid treatment decreased the widths of the
fibres significantly. The minimum MFC width of 2.35 um was obtained with sunflower stalk
by Method 2. The crystallinity index increased after the acid treatment, and the maximum
crystallinity index of 82% was observed for the sesame husk samples treated by Method
2. Method 2 was more effective than Method 1 in reducing the width and increasing the
crystallinity. The FTIR Figs. showed peaks of intermolecular hydrogen bonds of -OH groups
between 3600 cm™ - 3000 cm™ in all samples. The shoulders which were seen around 1510 cm™1
for the untreated samples demonstrated the aromatic C=C bonds in the aromatic rings of lignin,
and all peaks and shoulders between 1400 cm™1-1000 cm! for the untreated samples belonged to
the typical cellulosic bonds. The main decomposition temperature increased from about 250°C
to 270°C — 300°C for the samples obtained by Method 1, and to 300°C — 320°C by Method 2,
indicating that Method 2 was superior to Method 1 in improving the thermal properties of the
obtained MFC samples.
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