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ABSTRACT

Bamboo harvesting residues are wastes by-products of bamboo industries that contain holocellulose for about
63.14% to 70.71%, which often be discarded, incinerated or buried. In this study, carboxymethyl cellulose was
prepared from bamboo harvesting residues (bamboo-branch and bamboo-tip) as raw materials. The chemical
composition of bamboo harvesting residues, the viscosity and degree of substitution of carboxymethyl cellulose
were determined. Carboxymethyl cellulose obtained was further characterized and compared by means of FTIR,
SEM, XRD and TG. Results showed that under the optimized identical conditions, the viscosity and degree of
substitution of carboxymethyl cellulose from bamboo-branch and bamboo-tip were 6.0 and 78.9 mPa-s,
0.75 and 0.89, respectively. Carboxymethyl cellulose obtained from bamboo-tip displayed a lower crystallinity
and a better thermal stability as compared to synthetic carboxymethyl cellulose obtained from bamboo-branch
and bamboo-culm.
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1 Introduction

Carboxymethyl cellulose (CMC) is one of the most important cellulose derivatives, a linear
polysaccharide of anhydro-glucose [1]. It is produced by reacting alkali cellulose with monochloroacetic
acid (MCA) or its sodium salt (NaMCA). Due to its characteristics such as renewable, biocompatible,
biodegradable, availability, non-toxic, low-cost synthesis process, hydrophilicity, and likewise many other
properties, CMC now has a wide of applications in various fields, for example, paper, textile, adhesives,
food, biomedical, construction, agriculture and wastewater treatment [2,3]. Initially, the production of
CMC was from wood-based biomaterials, such as spruce wood [4]. However, the use of wood as source
of CMC is considered less effective because wood is often used as household raw material and has long
growing time [5]. Therefore, a number of alternative abundant and underutilized cheaper sources have
been introduced by many researchers in the literature as effectual alternative candidates, including some
plant-based precursors and some waste materials [6—9]. Among them, bamboo, an inexpensive, fast-
growing, naturally available, sustainable resource, has gained tremendous attention of researchers to be
applied for the production of CMC.
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Bamboo is a perennial grass of Bambusoideae, widely distributed in tropical and subtropical regions,
and it is one of the most valuable biomaterials in the world today. At present, the area of bamboo forest
in the world has reached 22 million hectares, accounting for about 1% of the forest area. The annual
output of bamboo is 15 million to 20 million tons [10]. China has the largest area, species, and output
bamboo resources in the world. According to the 9th National Forest Resources Inventory Report, the
bamboo forest area in China is 6.41 billion hectares, of which the moso bamboo forest area accounts for
about 73% [11]. As a kind of biological material with numerous advantages including sustainability and
biodegradability, appropriate processing with physical, chemical, and mechanical treatments, bamboo can
be commonly used as material for making biodegradable agriculture mulching, furniture, paper, natural
fiber, activated carbon, and granulated fuel [12—14]. Unfortunately, nowadays, the processing utilization
rate of bamboo in China is only 35%—40% [15]. The harvesting and processing of bamboo resources
generate a large amount of bamboo residues wastes such as bamboo tips, branches, leaves, shavings,
bamboo yellow, bamboo blue and so on, but excluding culms, which are often not reasonably utilized in
industrial applications. With the rapid development of bamboo industry, various bamboo residues wastes
have gradually increased, and the residues of bamboo harvesting and processing have reached about
28.17 million tons in China [16]. Currently, these wastes are incinerated, buried, or used as the boiler
burning material directly, which not only pollute the environment, but also waste resources. Therefore,
considering the environmental protection and sustainable development issues, how to make full and
efficient utilization of these wastes to achieve “zero” surplus of resources is an urgent problem for
comprehensive utilization of bamboo.

Bamboo harvesting residues (e.g., branches, tips, leaves, roots, shavings, etc.) are wastes by-products of
bamboo industry. It is an abundant lignocellulose by-products in China. Bamboo tips (Zhejiang Province,
China) contain 73.06% holocellulose, 24.73% lignin, 1.22% ash and extractive substances [16]. Bamboo
shavings contain 33%45% cellulose, along with lignin, protein, hemicellulose, and pectin, as well as
some other minor extracts [6]. Compared to bamboo culms, bamboo harvesting residues are more highly
available at a negligible cost, or sometimes even free of charge. Hence, bamboo harvesting residues may
be used as a kind of low-cost, plentiful materials for CMC production. The synthesis of CMC from
bamboo harvesting residues source has already been reported. For instance, Chen et al. [17] synthesized
CMC from pretreated bamboo shaving with a degree of substitution >0.8, and viscosity of 1% CMC
aqueous solution was above 260 mPa-s. In this study, under the conventional method, CMCs were mainly
made with bamboo tips and branches obtained from bamboo harvesting residues. Then the
characterization of bamboo harvesting residues and CMCs obtained were performed and compared. The
objective of present study is to introduce bamboo harvesting residues as precursor to produce CMC. This
will not only be helpful to recycle and reuse this waste for useful material production, but also to increase
the income of bamboo farmers.

2 Material and Methods

2.1 Material

Moso bamboo harvesting residues, three years old, mainly including bamboo branches and bamboo tips
were obtained from Jinzhai County, Anhui Province, China. The collected bamboo branches were removed
bamboo leaves. Bamboo tips (wall thickness <2 mm) were cut from top position of each bamboo. Then
the samples were ground to powder with a mill and the size of bamboo powder used in the test were
about 250-425 um and 180-250 pum (Fig. 1). Finally, the bamboo powder samples were dried at 105°C
until a constant weight before the experiments.
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Figure 1: Preparation process of bamboo samples

2.2 Preparation of CMC

CMC was prepared from bamboo harvesting residues, according to the conventional method, that is the
alkylation-etherification process, as reported before [1,17,18]. Firstly, 10 g of the screened bamboo powder
(size 180-250 um) was added to a conical flask containing 300 mL of distilled water, which was done to
remove impurities present in bamboo powder like starch. The mixture was then heated in a in a boiling
water bath for 2 h. After that, the residue was filtered and dried at 60°C in an oven. Secondly, 300 mL of
15% NaOH (w/v) solution was mixed with 10 g of residue sample from last step, which was done to
remove hemicellulose and part of lignin. Then, the mixture was stirred for 3 h at 80°C. After that, the
residue was washed several times until the drain become neutral and subsequently filtered and dried in
the oven at 60°C. Thirdly, 10 g sample from second step was added into a conical flask containing of
300 mL distilled water, which was prepared by adding 3 g of sodium chlorite (80%, w/w) and 2 mL of
acetic acid into the conical flask. The mixture then placed into the water bath at 75°C, which was
followed by adding sodium chlorite (3 g) and acetic acid (2 mL) every 1h for 4 h. Afterwards, the
residue was filtered, washed and dried in an oven at 60°C. Fourthly, 4 g sample from third step was
added into 20 mL of 15% NaOH and 80 mL of 100% ethanol solution, which was then stirred for 1 h at
30°C. After that, the temperature was increased to 65°C, which was followed by adding 5 g of
monochloroacetic acid. The reactant was then stirred for 3 h. Finally, the reactant was filtrated and the
residue was then washed washed with 90% acetic acid and 80% ethanol. The powder obtained after
drying was CMC (Fig. 2).

Alkali Bleaching —Mercerization
treatment; g!; Etherification

Powder samples CMC

Figure 2: The process for preparing CMC from different parts of bamboo powder

Note: Bamboo culms were cut from 1.5 m height position of each bamboo.
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2.3 Chemical Composition

Traditional wet chemical analysis was performed to investigate the chemical composition of bamboo
harvesting residues (size 250-425 pum). The contents of ash, benzene-ethanol extractives, 1% NaOH
solubility, lignin, holocellulose and alpha-cellulose were determined according to the GB/T 742-
2008 [19], GB/T 2677.6-1994 [20], GB/T 2677.5-1993 [21], GB/T 2677.8-1994 [22], GB/T 2677.10-
1995 [23] and GB/T 744-1989 [24] standard. The hemicellulose content was calculated by subtracting the
alpha-cellulose content from the holocellulose content.

2.4 Degree of Substitution (DS) of CMC
The degree of substitution (DS) of CMC was estimated using the ashing method according Wang et al.
[25], it was calculated as follows:

Viey — V-
Cp = ria — raa (1)
m
0.162Cp
DS=————— 2
1 —0.080Cp 2)

where DS is the degree of substitution. Cp is the milliequivalent of carboxymethyl per gram of sample. V; is
the volume of the sulfuric acid standard titration solution. ¢; is the actual concentration of sulfuric acid
standard titration solution. ¥, is the volume of sodium hydroxide standard titration solution. ¢, is the
actual concentration of sodium hydroxide standard titration solution. m is the mass of CMC sample.
0.162 is the molecular weight of the anhydrous glucose unit of cellulose. 0.080 is the net increment in the
anhydrous glucose unit for every substituted carboxymethyl group.

2.5 Viscosity of CMC

The viscosity of the CMC samples was measured at 20 g/l CMC concentration using a standard method
GB 1904-2005 [26].

2.6 Characterization

2.6.1 Fourier Transform Infrared Spectroscopy Analysis (FTIR)

FTIR spectroscopy was conducted on samples using a Fourier transform infrared spectroscopy
(Nicolet 6670, USA), in which samples were palletized with KBr powder. The scanning scale was from
4000 to 400 cm .

2.6.2 Scanning Electron Microscope Analysis (SEM)
The morphological images of samples were observed by S-4800 scanning electron microscope (SEM)
produced by Hitachi, Japanese. The magnification was 100 times.

2.6.3 X-Ray Diffraction Analysis (XRD)

XRD tests of samples were obtained on an X-ray diffractometer (XD-3, China) with a Co target (A=
0.154 nm), and the data was collected with a 26 scanning range from 10° to 40°. The crystallinity index
(C,.I) was calculated according to the formula proposed by Segal et al. [27].

I - Iam
CI =229 100% A3)
002
where C,/ is the crystallinity index. Iy, is the maximum intensity of (002) lattice diffraction angle. /,,, is the
intensity of the baseline at 20 about 18°.
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2.6.4 Thermogravimetric Analysis (TG)

Thermogravimetric analysis was observed though a thermogravimetic analyzer (TGA 209, Netzsch,
Germany). The samples of about 3.0-5.0 mg were heated from 30°C up to 600°C at a heating rate of
10 °C/min under nitrogen atmosphere (60 mL/min).

3 Results and Discussion

3.1 Chemical Composition of Bamboo Harvesting Residues

The chemical composition of bamboo harvesting residues, including bamboo-branch and bamboo-tip
were presented in Table 1. Cellulose, hemicellulose and lignin were the main compounds, followed by
extractives, the smallest component was ash in the bamboo harvesting residues. As shown in Table 1,
bamboo-tip had higher cellulose content (43.75%) than that of both bamboo-branch (43.48%) and
bamboo-culm (43.00%). This difference was also observed for lignin content, which was lower for
bamboo-tip (24.35%) than that of bamboo-branch (24.51%) and bamboo-culm (24.44%) (Table 1). Lower
lignin content and higher cellulose content in lignocellulosic materials are desirable in the cellulose
derivative production, which may increase the products yield and quality of the derivative [28].
Therefore, bamboo-tip may be considered more suitable for obtaining cellulose derivatives, as compared
with bamboo-branch and bamboo-culm.

Table 1: Chemical composition of bamboo harvesting residues

Samples Ash/ Benzene-ethanol 1% NaOH Lignin/ Holocellulose/ Alpha- Hemicellulose/

%  extractives/% solubility/% % % cellulose/ %
%

Bamboo- 2.51 5.61 30.66 24.51 63.14 43.48 19.66
branch

Bamboo- 0.86 3.25 25.61 24.35 70.71 43.75 26.96
tip

Bamboo- 0.89 3.55 24.87 24.44  66.49 43.00 23.49
culm

Note: Bamboo-culm was cut from 1.5 m height position of each bamboo.

Bamboo-branch was characterized for a relative high content of ash and extractives. In our study, the
bamboo-branch had the highest ash content (2.51%), which was nearly three times that of bamboo-tip
(0.86%) and bamboo-culm (0.89%), respectively. Amount of extractives in bamboo-tip was similar to
bamboo-culm, but less than that of bambo-branch, which implied high natural durability of bamboo-
branch [29].

The main step in the process of synthesized CMC is the formation of alkali cellulose. Small
oligosaccharides and other low molar mass components can be extracted from cellulose by alkali
treatment. These alkali extractives will be also etherified, yielding low molar mass derivatives that may
affect the properties of the cellulose derivative. Table 1 showes the solubility of samples in 1% NaOH.
For bamboo harvesting residues, the amount of alkali soluble material was from 25.61% to 30.66%.

3.2 DS and Viscosity of CMC
The DS is the replacement of hydroxyl group of cellulose with carboxymethyl group during the
carboxymethylation. It has a major influence on the properties and the potential uses of CMC [30]. The

DS of synthesized CMCs from bamboo harvesting residues was met with the commercially available
CMC grades (0.6—1.25) [31]. As shown in Table 2, the CMC derived from bamboo-tip had a DS of 0.89,
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which is much higher than that of bamboo-branch (0.75) and bamboo-culm (0.73). These data were related to
the chemical composition of bamboo harvesting residues that bamboo-tip has higher alpha-cellulose content
(Table 1). When the DS is below 0.4, the CMC is swellable but insoluble, while above this value, CMC is
fully soluble with its hydro affinity increasing with increasing DS [32]. Therefore, CMCs made from bamboo
harvesting residues were fully soluble in water, obviously.

Table 2: DS and viscosity of CMC

CMC DS Viscosity/cP
CMC from Bamboo-branch 0.75 6.0

CMC from Bamboo-tip 0.89 78.9

CMC from Bamboo-culm 0.73 17.4

Viscosity of CMC is an important parameter for the industrial use. It provides information for flow
characteristics of the fluid flow involved in processing operations and products using different
concentrations of CMC [32]. The viscosity of CMCs from bamboo harvesting residues were in the range
of 6.0-78.9 cP (Table 2). This might be due to the value of DS. The highest value of viscosity for CMC
from bamboo-tip was only 78.9 cP.

3.3 Characterization
3.3.1 FTIR Analysis

The FTIR spectra of bamboo harvesting residues and CMCs were shown in Fig. 3. As shown in Fig. 3a,
the peaks at the wave numbers of 3410 and 2905 cm™ ' were attributed to -OH and -CH groups stretching
vibration [33]. The spectra for bamboo harvesting residues showed unconjugated C=O stretching of
carboxyl and acetyl from hemicellulose at 1734 cm ' [34]. The peaks at 1510 and 1455 cm ' were
attributed to aromatic skeleton and CH; deformation in lignin (Fig. 3a), respectively [35]. The peaks at
1734, 1510, and 1455 cm™ " disappeared for CMCs (Fig. 3a), which confirmed the efficient removal of
lignin and hemicellulose from bamboo. The peaks at 1610 and 1422 cm™' were appeared in the FTIR
spectra of CMCs (Fig. 3b). According to Adinugraha et al. [36] the stretching vibration of carboxyl
groups and carboxyl groups as salts have wave numbers about 1600-1640 cm ™' and 1400-1450 cm ',
respectively. This indicated that the hydroxyl groups in the cellulose were replaced with carboxyl group
when carboxymethylation reaction occur. Therefore, CMCs from bamboo harvesting residues were
synthesized successfully.

3.3.2 SEM Analysis

SEM images of bamboo harvesting residues and CMCs were exhibited in Fig. 4. As shown in Fig. 4,
fibers from bamboo harvesting residues showed smooth surface, compact structure, and large volume,
which were similar to that from bamboo-culm. However, SEM images of CMCs showed rod-like and
ribbon shapes with a thin and short fibers. The surface of CMCs appeared rough on which obvious cracks
and grooves can be observed. These changes for CMCs were mainly due to the destruction of hydrogen
bonding between cellulose by the alkalization and etherification process [37].

3.3.3 XRD Analysis

The XRD diffractograms of bamboo harvesting residues and CMCs were displayed in Fig. 5. As shown
in Fig. 5, the bamboo harvesting residues displayed the typical diffraction pattern of cellulose I with peaks at
20=16° (101), 22° (002) and 34.7° (040), was similar to bamboo-culm [34,38]. The crystallinity index of
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bamboo-tip and bamboo-branch were 47.12% and 46.49%, respectively. This was consistent with the
previous obtained chemical composition analysis results.
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Figure 3: The FTIR spectra of the bamboo-tip, bamboo-branch, bamboo-culm, CMC from bamboo-tip,
CMC from bamboo-branch and CMC from bamboo-culm, (a) The region in the range of 400-4000 cm ',
(b) The region in the range of 400—2000 cm !

For the CMCs, the peak at 16° disappeared completely and a peak at around 21° was shown instead
(Fig. 5), indicating that the hydrogen bonds between cellulose were weakened and the crystal structures
were destroyed [39]. The crystallinity index of CMCs from bamboo-tip and bamboo-branch were 39.98%
and 45.09%, respectively, which were lower than those of bamboo harvesting residues (Fig. 6). This
phenomenon was supposed to be the cleavage of the broadening hydrogen bonds due to carboxymethyl
substitution at the hydroxyl groups of cellulose [36]. The crystallinity of CMC from bamboo-tip was
lower than that from bamboo-branch and bamboo-culm. This might be due to the DS of CMC, that is, the
higher the DS of CMC resulted in the decrease of the crystallinity [40].

3.3.4 TG Analysis

The differences in thermal degradation, characterised by peak temperature and weight loss for bamboo
harvesting residues and CMCs were shown in Fig. 7 and Table 3. The degradation process of bamboo
harvesting residues and CMCs were comprised of three distinct stages, which were found differences
significantly. For bamboo harvesting residues, the three stages degradation process were similar to
bamboo-culm. They were observed about at 30°C—101°C, 101°C-371°C, and 371°C-600°C, respectively,
which were mainly attributed to the evaporation of adsorbed water and degradation of impurities, the
decomposition of cellulose, hemicellulose and partial lignin, and the decomposition of residual lignin,
respectively [41]. For CMCs, the total degradation curves shifted to the lower temperature (Fig. 7), which
had the more char yields. The three stages degradation process were mainly due to the evaporation of
adsorbed water and degradation of impurities, the decarboxylation of CMC with the release of carbon
dioxide and carbon monoxide, and the CMC backbone broken down [18,42].

As shown in Fig. 7b, the major degradation peak temperature at 339°C—340°C for bamboo harvesting
residues, which also was similar to bamboo-culm. However, for CMCs, the major degradation peak was
lower than that for bamboo harvesting residues, which led to a poor thermal stability. This could be
associated with the reduction in crystallinity upon carboxymethylation. During the preparation of CMC,
carboxymethylation destroyed the the crystal structure of cellulose and made the internal space of CMC
become loose [43]. Moreover, CMC from bamboo-tip had the highest the major degradation peak



3236 JRM, 2022, vol.10, no.12

temperature, suggesting that CMC from bamboo-tip had the best thermal stability. Some studies had
confirmed that the DS of the samples play a decisive role in their thermal stability [30]. Compared with
other CMC prepared with bamboo, the DS of CMCs from bamboo harvesting residues was the highest,
0.89 (Table 2). As shown in Table 3, the final residual weight for CMC was higher than bamboo
harvesting residues. This might be related to a large number of sodium ions in CMCs [44].
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Figure 4: SEM images of the bamboo-tip, bamboo-branch, bamboo-culm, CMC from bamboo-tip, CMC
from bamboo-branch and CMC from bamboo-culm
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Table 3: Thermal decomposition parameters for bamboo logging residues and CMCs

Sample The first step The second step The third step Tmax  Residue
/°C /%

Start End  Weight Start End  Weight Start End Weight
/°C /°C loss /°C /°C loss /°C /°C loss

1% 1% /%
Bamboo-tip 30 101.67 2.87 101.67 367.80 67.12  367.80 600 8.04 339.28 21.97
Bamboo- 30 101.02 4.17 101.02 371.32 65.71 37132 600 8.9 340.73 21.22

branch

Bamboo-culm 30  102.57 3.40 102.57 363.75 64.77 363.75 600 8.45 330.26 23.38
CMC from 30 135.84 5.79 135.84 327.71 50.02 327.71 600 12.56 280.02 31.63
bamboo-tip

CMC from 30 168.86 6.66 168.86 304.17 28.37 304.17 600 14.46 277.79 50.51
bamboo-
branch

CMC from 30 159.87 6.50 159.87 301.50 33.74 301.50 600 15.00 226.28 44.76
bamboo-culm

4 Conclusions

In this study, lab-made CMC can be successfully synthesized from bamboo harvesting residues using
optimized conventional method. Simultaneously, the characterization of bamboo harvesting residues and
lab-made CMC obtained from bamboo harvesting residues were performed and analyzed. The following
conclusions can be drawn:

1. Cellulose, hemicellulose and lignin were the main chemical compounds of bamboo harvesting
residues, followed by extractives and ash. The chemical composition of bamboo-tip presented a
high content of cellulose and a lower content of lignin, while bamboo-branch had a relative high
content of ash and extractives.

2. CMC made from bamboo-tip had the highest degree of substitution. The viscosity of CMC obtained
from bamboo harvesting residues was in the range of 6.0-78.9 cP at 25°C.

3. The CMC obtained from bamboo harvesting residues showed similarity of the characteristics to the
reference on infrared spectra, SEM, XRD diffractogram and TG analysis. The morphology of CMCs
obtained showed ribbon and rod-like shapes with a thin and short fibers. The crystal structure of
CMCs changed and the crystallinity reduced. CMCs exhibited a low major degradation
temperature and a high residual weight. Moreover, the thermal stability of CMC made from
bamboo-tip was the best. This research could contribute to provide reference information for
CMC products prepared from bamboo harvesting residues wastes and a value-added application
way for bamboo wastes.
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