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Abstract: Nanocellulose has recently gained a foothold of significance among nanomaterials due to its
unique properties, including renewability and sustainability. In this study, two promising methods,
steam explosion and alkali-acid hydrolysis, were evaluated for the cellulose extraction from coconut
husk fiber. Between the two methods, alkali-acid hydrolysis yielded 1.8 times higher cellulose content
than the other. Hence, cellulose was obtained through the alkali-acid hydrolysis method to synthesize
Nano-Crystalline Cellulose (NCC). In order to maximize cellulose content in nanocellulose synthesis,
acid concentration, reaction temperature, and hydrolysis time were optimized using Response Surface
Methodology (RSM). The optimum reaction condition for the synthesis of NCC was 50 °C with 45
wit% acid concentration for 60 minutes due to its high cellulose content (85.6 %). Synthesized NCC was
spherical in shape with a diameter below 40 nm. NCC had better crystallinity (80.05 %) with a high
zeta potential of -72.2 mV. NCC was evaluated for its adsorption capacity for different dyes at varying
pH levels. Among the dyes, the removal efficiency of NCC was higher for methylene blue (90.89 %)
and congo red (89.96 %) at all pH levels. But adsorption of crystal violet dye by NCC was higher in
alkaline pH (9) and methyl red in acidic pH (5). As a result, synthesized nano cellulose could be used
in the removal of synthetic dyes from textile effluents.
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1. Introduction

Coir is a naturally occurring fiber from coconut husk, a renewable resource. In terms of
physical characteristics and chemical content, coir fibers are similar to wood fibers. Coir fiber
production globally totals 1.3 million tonnes annually, while more than 45 % of it is produced
in India [1]. Furthermore, Pollachi Coir Cluster in the Coimbatore district, India alone,
contributes about 13.8 % (81,200 MT) of total coir fiber production [2]. Only a partial portion
of the coconut husk is being utilized for the fiber extraction and production of value-added
products like yarn, rugs, geotextiles, etc. Although efforts are being made to expand the export
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markets for coir and coir products, most coconut husk remains underused. The coir fiber
industry primarily uses the fiber directly without any further processing. Coir fiber primarily
consists of cellulose, hemicellulose, and lignin. The lignin component is entirely amorphous
and could be utilized as a good source of energy generation [3, 4]. At the same time, cellulose
is a natural polymer consisting of both amorphous and crystalline regions. Its high molecular
weight makes the cellulose both strong and biodegradable. Cellulose has a wide range of
potential applications in the field of environment, medicine, and engineering among
biopolymers [5]. As a result, various underutilized bioresidues are evaluated for cellulose
extraction, and in this study, coir fibers were used. These fibers have a high cellulose content
and are available in large quantities in the region, which is an essential criterion for raw
material. All the methods for cellulose extraction entail treating fibers in alkali/acid with slight
modifications based on the availability of resources and the nature of the raw material. Every
approach has its own benefits and downsides regarding cellulose quantity and quality
(composition and final properties). Among the products developed from cellulose,
nanocellulose has high applicability due to its unique properties.

Nanocrystalline cellulose (NCC) is a nano-scale material with a rod-like or spherical
structure. It is one of the most advanced cellulose-based materials having a wide range of
applications. NCC with rod/needle-like structures have diameters ranging from 5 nm to 30 nm
and lengths from 100 nm to several um. NCC also reported having better physicochemical and
mechanical properties, such as more reactive hydroxyl groups, high surface area, crystallinity,
and thermal stability. Also, NCC is known for its biodegradability and biocompatibility [6].
Many researchers have synthesized nanocellulose from a wide range of bioresources, which
includes wheat straw [ 7], sugar palm fibre [8], sugarcane bagasse [9], rice straw [10], groundnut
shell [11], and sago seed shell [12].

Coir fiber, a lignocellulosic material with high cellulose content, could also synthesize
nano-scale resources, such as nanocellulose fibrils/ nanocellulose whiskers/ nanocellulose
crystals; only a few studies have reported nanocellulose production from coir fiber. [13]
synthesized rod-like nanocrystals with a diameter ranging from 10 to 30 nm from the coir fiber
through sulphuric acid hydrolysis. Similarly, nitric acid isolated cellulose nanowhiskers having
80 to 500 nm length and 6 nm width from the coconut husk fibers [14]. Nanocellulose fibrils
isolated by [15] had a diameter of around 5-50 nm from the coir fiber through the steam
explosion. Likewise, the alkali-acid hydrolysis method obtained 25 g of nanofibrils with 16 %
cellulose content from 100 g of coir fiber [16]. However, these studies were conducted to
maximize the yield of nanocellulose, while cellulose content in the synthesized nanomaterial
was the least concern. Along with quantity, the quality of nanocellulose is also important for
commercialization and successful application in various fields. Hence, this research aims to
comprehensively explore efficient cellulose extraction through two techniques (steam
explosion versus alkali-acid hydrolysis) and improve the process parameters for synthesizing
high-quality nanocrystalline cellulose. Nanocellulose is a popular topic in current research [17—
19], and its production using a low-cost technology and efficient use of nanocellulose for
pollutant removal makes this study even more essential in the present-day environmental
scenario.
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2. Materials and Methods
2.1. Raw materials.

Coconut husk fibers were collected from the coconut processing farms located at
Pollachi, Tamil Nadu, India (10.6609° N, 77.0048° E). The town of Pollachi, located in the
shadows of the Western Ghats, provides ideal circumstances for the growth of coconut trees,
which cover an area of around 50,000 hectares [2]. 30 million nuts were being produced,
yielding 5 million tonnes of coconut husk each year.

2.2. Compositional analysis of coir fiber

Coir fiber was washed with water to remove the dust particles adhered to its surface,
shade-dried for 48 h, and shredded into small fibers. The dried powder was used for
compositional analysis. The amount of moisture, lignin, volatile matter and ash content was
determined by following NREL procedures [20]. The carbon, hydrogen, and nitrogen were
determined using CHNS analyzer Elementar Vario EL Il equipment, Germany. The alpha-
cellulose content was estimated using the standard procedure given by [21].

2.3. Extraction of cellulose from coir fiber.
2.3.1. Steam explosion method.

2.3.1.1. Delignification (Alkali treatment and bleaching).

Cellulose extraction is a two-step process viz., pretreatment with alkali and
delignification. Coir fibers were soaked in 2 % NaOH for 2 h at a temperature of 25 °C. It is
known that the alkaline delignification process converts solid biomass lignin into a soluble
liquid phase. Initially, steam pretreatment was performed by autoclaving the alkali-treated fiber
at high pressure (20 Ibs) and temperature (121 °C) for 1.5 h. This was followed by bleaching
with sodium hypochlorite (NaClO) for 20 minutes to remove the residual lignin. The solution
pH was maintained at 3.5 with 1 M glacial acetic acid. The bleached fibers were washed
thoroughly with water to remove the traces of chlorine. This process was repeated until the
residue became white or ivory yellow.

2.3.1.2. Acid treatment followed by steam explosion.

The delignified sample was then treated with 2 % oxalic acid, followed by the steam
explosion at 20 Ibs pressure and 121 °C for one hour. The acid-treated residue was then washed
scrupulously until the wash water had neutral pH. The a-cellulose content was measured in the
obtained residue.

2.3.2. Alkali-acid hydrolysis method.

2.3.2.1. Pretreatment and delignification.

The pretreatment was carried out by soaking the dried husk fibers in water for 3 h at 50
°C, followed by alkali treatment with 2 % NaOH at 80 °C for 3h (1 g/10 ml). After the
delignification process, the fibers were washed repeatedly with distilled water until the wash
water pH became neutral. The alkali-treated fibers were then oven-dried for 6 h at 80 °C,
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followed by bleaching with sodium hypochlorite (pH — 3.5, adjusted with 1 M glacial acetic
acid) for 20 min and washed several times with water to remove the traces of chlorine. This
process was repeated until the residue became white or ivory yellow.

2.3.2.2. Alkali hydrolysis.

The bleached residue was treated with 0.05 N nitric acid at 70 °C for 1 h, followed by
alkali hydrolysis with 0.1 M NaOH at 45 °C for 3 h. Then the substrate was washed with
distilled water until the pH became neutral and dried in the oven at 80 °C for 3 h. The obtained
cellulose is in the size range of 3-15 um and was tested for its a-cellulose content.

2.4. Synthesis of nanocrystalline cellulose (NCC).

The cellulose obtained was subjected to concentrated acid hydrolysis with H2SOa. In
general, the hydrolysis process needs 60 — 65 % concentrated sulphuric acid, 40 — 50 °C reaction
temperature, and 30 — 60 min reaction time [22, 23]. As reported earlier, due to excessive
degradation, the yield of synthesized NCC was very low (less than 30 wt%) [24]. Hence to
overcome degradation, the range of reaction time, temperature, and acid concentration was
widened [25] to obtain high-quality NCC.

2.4.1. Optimization of parameters for nanocellulose synthesis

Response Surface Methodology (RSM) is a statistical tool for designing experiments,
assessing the influence of factors, and developing empirical models. The RSM tool reduces the
trial runs needed to asses various factors and their interactions. The tests were designed and
evaluated using the DESIGNEXPERT software (Stat-Ease, USA, version 13). In light of the
results obtained from the previous studies, three factors, such as sulphuric acid concentration,
reaction temperature, and hydrolysis time, were evaluated for their influence on nanocellulose
synthesis using a box benkhen design. Each factor was fixed on three levels: sulphuric acid
concentration (wt%) 45-65, time (min) 20-60, and temperature (°C) 40-60, and the response
was cellulose content in NCC (Table 1), while corresponding NCC yield was also recorded. A
total of 18 tests were performed as per the design. The model identified the expected ideal
values of the factors using the point prediction method. Validation studies were carried out in
triplicate under optimal conditions.

Table 1. Range of the factors used in box behnken design for acid hydrolysis of cellulose.

Actual levels of coded factors
Factors Coded factor
-1 (Low) 0 (Center) +1 (High)
Acid concentration (wt%o) A 45 55 65
Reaction temperature (°C) 40 50 60
Hydrolysis time (min) C 20 40 60

The acid hydrolysis was performed under continuous stirring conditions using a
mechanical stirrer at 1200 rpm. A substantial amount of distilled water was added to the
hydrolyzed cellulose to quench the reaction. To remove the excess sulphuric acid, the
suspension was centrifuged for 20 min at 8,000 rpm and was dialyzed with distilled water. A
constant pH was obtained in the dialyzed water after 2 days. Then to disperse the nanocrystals,
the dialyzed NCC was suspended in distilled water at a 1:10 ratio and sonicated using probe
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sonicator PR 250 for 20 min at 25-30 kHz. The obtained NCC was freeze-dried at -40 °C for
72 h and stored in a vacuum.

2.5. Characterization of NCC.

2.5.1. Morphological characterization.

The morphology of the samples was examined using Scanning electron microscopy
(SEM) and Transmission electron microscopy (TEM). The Quanta 250 (FEI, Netherlands)
scanning electron microscope was used to obtain SEM micrographs of the samples at different
stages at a voltage of 10 kV. To eliminate the electron charging effects, the samples were coated
with gold. TEM imaging was performed using FEI Techai Sprit (Netherlands) microscope with
an accelerating voltage of 120 kV to study the nanostructure. Digital micrograph software was
used to process the obtained images. Elemental analysis of the synthesized nanocellulose was
studied using Energy dispersive x-ray (EDX) diffraction attached to the TEM unit.

2.5.2. Functional group analysis.

The surface functional groups of the synthesized nanocellulose were examined using
Fourier-transform infrared spectroscopy (model 8400S of Shimadzu, Japan). The analysis was
performed in the wavenumber range of 400 - 7000 cm™ at 4 cm™ resolution.

2.5.3. Crystallinity analysis.

The crystallinity degree of the samples was determined using an X-ray diffractometer
(XPERT-PRO D8 Bruker) at 30 mA current and 40 kV voltage. The Cu K radiation ranged
from 5° to 400°. The amorphous subtraction method was used to calculate the crystallinity index
(Xc) by equation (1)

Ic — Iam (1)

Xc= ——x100 v
Ic

where Ic and lam are the peak intensities of crystalline and amorphous materials, respectively.
The crystallite size was calculated by Scherrer equation (2)

K (2)
te Bcos6

where t is the crystal dimension perpendicular to the diffracting planes with Miller Indices of
hkl, A is the wavelength of the X-ray radiation (A = 0.154 nm), B is the full width at half
maximum (FWHM) of the diffraction peaks.

2.5.4. Thermal analysis

A thermogravimetric analyzer (TG/DTA - EXSTAR/6300) was used to evaluate the
thermal stability of the samples. The heating rate was kept at 10 °C/min, and the temperature
ranged from room temperature to 700 °C in the nitrogen atmosphere.
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2.5.5. Zeta potential.

The surface charge of the nanocellulose sample was recorded by zeta potential using
the instrument Horiba Scientific Nanopartica SZ-100 (Japan).

2.5.6. Determination of zero point charge (pHzpc).

To determine the pH zero point charge of the synthesized NCC, the pH drift equilibrium
technique was employed. Ten conical flasks, each containing 50 ml of 0.1 M NaCl, were taken,
and the pH was adjusted from 2 to 12 using NaOH/H2SO4 solution. A known quantity of NCC
was added to each flask, and the flasks were equilibrated for 24 h. The final pH was measured
after 24 h. Change in pH was plotted against the initial pH, and the intersection point was taken
as pHzpc of the NCC.

2.6. Efficiency of synthesized nanocellulose as adsorbent for dyes.

The synthesized nanocrystalline cellulose was tested for its efficacy as an adsorbent for

dyes. For this experiment, 2 cationic (Methylene blue (MB) and Crystal violet (CV)) and 2
anionic dyes (Congo red (CR) and methyl red (MR)) were taken. A 25 ml of each dye solution
with 15 ppm initial concentration at different pH (5, 7, and 9) was prepared. The adsorbent
dose, contact time, and rpm were fixed at 1g, 180 min, and 200 rpm, respectively. After the
completion of the experiment, the amount of dye adsorbed was analyzed using a UV-Vis
spectrophotometer (Thermoscientific Genesys 180). The maximum wavelength for the dyes
methylene blue, crystal violet, methyl red, and congo red was obtained at 664, 586, 425, and
497 nm, respectively. The adsorption capacity (mg g™) of nanocellulose and the dye removal
efficiency (%) was determined by the given formula.
Co- Cy

Dye removal ef ficiency (%) = C x 100 e (3)
0
Co— Cp)V

Adsorption capacity (mg g—%) = % ----- (4)

where Cy is the initial dye concentration (mg L), Ct is the dye concentration at time (mg L),
V is the volume of the dye solution (L), M is the weight of the adsorbent (g).

3. Results and Discussion

3.1. Compositional analysis of coir fiber.

The coir fiber was characterized by standard methods, and the results are shown in
Table 2. Moisture, cellulose, hemicellulose, lignin, and ash content in the coir fiber were 9.30,
38.01, 2.30, 45.43, and 1.21 %, respectively. The presence of 38.01 wt% cellulose in coir fiber
suggests that they could be used as a source for the extraction of cellulose [13]. These results
are consistent with earlier coir fiber research [3, 4]. According to these authors, cellulose
ranged from 23 to 43 percent, lignin from 35 to 54 percent, and ash from 1 to 3.5 percent, with
the rest being extractive components. These values, on the other hand, are dependent on age,
source, extraction duration, and process [3, 26]. Coir fiber has a 1.21 percent ash percentage,
which is consistent with reported ranges of 1-3.5 percent [4]. When compared to other non-
woody lignocellulosic materials, such as plantain stem (Musa paradisiaca) with a 55.80 percent
ash content, coir fiber contains low extractives with little or no waxes and resin. Coir fiber
consists of 46.75 % carbon, 5.41 % hydrogen, 0.91 % nitrogen, and 0.13 % sulfur. This is in
https://biointerfaceresearch.com/ 6 of 25
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accordance with the results obtained by [27], who reported that coir fiber had 49.6 and 6.1 %
carbon and hydrogen, respectively.

Table 2. Compositional analysis of coir fiber.

Parameters Values

. . Moisture content | 9.30

(0]

Proximate analysis (%6) Ash content 191
Carbon 46.75

. . Hydrogen 541

0,

Ultimate analysis (%) Nitrogen 0.91

Sulphur 0.13

Cellulose 38.01

Biochemical analysis (%) | Hemicellulose 2.30
Lignin 45.43

3.2. Extraction of cellulose (steam explosion vs. alkali-acid hydrolysis).

To obtain high-purity cellulose, effective pretreatment techniques are required to
remove other components from the recalcitrant biomass, such as hemicellulose, lignin, and
other extractives. In this study, delignification (alkali treatment) could have eliminated a
significant percentage of lignin, as NaOH is best known to dissolve undesirable compounds in
the fiber, so cellulose can be extracted [28]. Similarly, [29] also stated that the alkaline
delignification method is known to convert solid biomass lignin into a soluble liquid phase.
Furthermore, alkali concentration, reaction time, and temperature all influence lignin removal.
In this study, the reduction percentage of lignin was higher in the hydrolysis method (95.6 %)
than in the steam explosion (27.5 %). Accordingly, many studies have reported that 85 percent
of lignin could be removed by treating lignocellulosic biomass with liquid at a higher
temperature [30]. In the alkali-acid hydrolysis method, the duration and temperature of alkali
treatment were higher than the steam explosion, which could have been the reason for the
higher removal of lignin. Similarly, [31] reported that treatment with 2 % NaOH reduced the
lignin content from 31 to 3 %.

To enhance the delignification, oxidizing agents are used after the pretreatment with
alkali. In this study, sodium hypochlorite was used as the bleaching agent, a strong oxidant.
Bleaching with oxidation agents could remove the lignin aggressively from the biomass. While
under this mild condition, cellulose is hardly decomposed [32]. In accordance with this,
bleaching combined with alkali treatment would have removed the remaining alkali-soluble
lignin, hemicelluloses, and other impurities, thereby enhancing the cellulose percentage. [33]
reported an increase in cellulose content from 45.9 to 62.8 % after bleaching the green coconut
fiber with sodium hypochlorite. Among the two different methods tested for isolation, alkali-
acid hydrolysis yielded the maximum cellulose content of 80.32 % w/w than the steam
explosion (45.52 % wi/w). Conversely, [15] reported higher cellulose content of 88.3 % in the
steam-exploded cellulose fibrils. It could be due to the high cellulose content (40 %) in the raw
coir fiber and the inclusion of a steam gun to extract cellulose. Hence in this study, alkali-acid
hydrolysis is found to be suitable for extracting cellulose from coconut husk fiber. It was used
for large-scale cellulose extraction from the fiber (Table 3).

Table 3. Constituents of coir fiber in different methods after extraction of cellulose.

S. No. Parameters Raw fiber | Physical method | Acid hydrolysis
1 Cellulose (%) 38.01 45.52 80.32
2 Hemicellulose (%) 2.30 151 <1
3 Lignin (%) 45.43 32.90 2.00

https://biointerfaceresearch.com/ 7 of 25


https://doi.org/10.33263/BRIAC136.504
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC136.504

S. No. ‘ Parameters ‘ Raw fiber ‘ Physical method ‘ Acid hydrolysis
4 | Moisture content (%) | 930 | 10.20 | 8.10

3.3. Optimization of NCC synthesis.

The optimum conditions influencing NCC synthesis were determined using the Box
Behnken design in response surface methodology. Acid concentration, reaction temperature,
and hydrolysis time significantly affected the cellulose content in NCC. In run 10 (45 % acid
@ 50 °C for 60 min), the synthesized NCC's maximum cellulose content of 85.61 percent was
noted, compared to an expected value of 83 percent. To validate the appropriate values, the
observed response was presented alongside the expected response (Table 4). The response
surface is projected in contour plots, depicting the nature and magnitude of interaction among
different factors. In contour plots, elliptical and circular nature indicated fairly prominent and
insignificant interactions, respectively [34]. As per the earlier studies, the widened range of
conditions should have resulted in NCC [35]. But we could observe denaturation of cellulose
in trail runs 5, 14, 15, and 16 resulting in low NCC yield. Correspondingly, trial runs 9, 17, 8,
12, and 13 had the highest yield of NCC, whereas their cellulose content was found to be lower
than 70 %. In contrast, the optimized process parameters yielded 19.7 g of NCC with 85.61 %
highly desirable cellulose content. Similarly, the optimized process parameters for rice straw
resulted in a synthesis efficiency of 90.28 % with a cellulose content of 89.2 % [36].

Table 4. Predicted and experimental responses of acid hydrolysis to synthesize NCC.

Response (Cellulose content in c ding NCC vield
Run A B e _Ncc@e) 0 e oy
Experimental Predicted
1 55 50 40 65.99 66.23 18.0
2 55 40 20 40.36 36.72 12.6
3 45 50 20 63.76 66.21 18.8
4 55 60 60 35.26 38.90 12.4
5 65 50 20 19.7 21.54 8.3
6 45 60 40 77.57 75.69 17.1
7 55 40 60 66.03 66.61 19.2
8 55 50 40 69.77 66.23 20.6
9 55 50 40 60.15 66.23 215
10 45 50 60 85.61 83.84 19.7
11 45 40 40 71.96 73.15 19.2
12 55 50 40 68.32 66.23 20.5
13 55 50 40 65.24 66.23 20.3
14 65 60 40 14.24 13.04 5.8
15 65 50 60 23.51 21.06 6.5
16 65 40 40 26.49 28.36 6.8
17 55 50 40 67.91 66.23 20.9
18 55 60 20 52.24 51.66 12.0

*A-Acid concentration (wt%), B-Reaction temperature (°C), C- Hydrolysis time (min)
3.3.1. Influence of acid concentration and reaction temperature on cellulose content of NCC.

A 3-D plot depicting the effect of reaction temperature and acid concentration on the
cellulose content of NCC at the constant time (60 min) was shown in figure 1a. From the graph,
it was revealed that cellulose content increases with a decrease in concentration and
https://biointerfaceresearch.com/ 80of25
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temperature. Since high acid concentration could also solubilize cellulose via hydrolysis, an
optimum acid content is required to ensure good cellulose recovery. In accordance with this, at
a higher sulphuric acid concentration (65 wt%) and temperature (60 °C), the cellulose content
of NCC was only 14.24 %, even though the reaction time was 40 min (Table 2). Nevertheless,
cellulose content remained low, regardless of hydrolysis time at extreme acid concentration
and temperature levels, demonstrating the importance of the acid concentration x temperature
interaction. According to many previous studies, the typical concentration of sulphuric acid in
the hydrolysis reaction for nanocellulose extraction is around 63 wt% [35]. But, the cellulose
content was very low in the NCC obtained from the coir fiber at 65 % acid concentration.
Similarly, hydrolysis with 63 % sulphuric acid resulted in 25 g of cellulose nanofibrils with 16
% cellulose content only [16]. Hence, low-concentration sulphuric acid hydrolysis for
nanocellulose synthesis from coir fiber is appealing since it is more economical and
environmentally friendly.

3.3.2. Influence of acid concentration and hydrolysis time on cellulose content of NCC.

The influence of acid concentration and hydrolysis time on the cellulose content of
NCC at a constant temperature of 50 °C was illustrated in figure 1b. As hydrolysis time
increases from 20 to 60 min, the cellulose content increases even at the low acid concentration.
However, as acid concentration increases with time, the response begins to decrease. The
higher acid concentration could have completely hydrolyzed the cellulose to simple sugars, and
hence reduction in cellulose content in the synthesized NCC was observed. Similarly, [38]
found that the nanocellulose quality and quantity could be significantly enhanced by increasing
the reaction time while decreasing the acid concentration.

Celulose yied (%)

”’ ‘:::::iiiiii:\\:\\\\
00&::0:"::‘
X

ulose yield (%)

Cell

Figure 1. Contour plots. (a) Acid concentration (%) and reaction temperature (°C) at hydrolysis time 60 min; (b)
Hydrolysis time (min) and acid concentration (%) at temperature 50°C; (c) Reaction temperature (°C) and
hydrolysis time (min) at acid concentration 45 wt%.
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3.3.3. Influence of reaction temperature and hydrolysis time on cellulose content of NCC

Figure 1c is a 3-D plot demonstrating the influence of reaction temperature and
hydrolysis time on the cellulose content of NCC. It can be seen from the graph that cellulose
content initially increases with an increase in the temperature and hydrolysis time when the
acid concentration is at a minimum level (45 wt%). However, it began to decrease at
temperatures above 50 °C. This decrease was caused by the complete hydrolysis of the cellulose
into soluble sugars [37]. Also, the cellulose content showed decreasing trend when temperature
and reaction time was at a minimum level. The lower reaction temperature and hydrolysis time
could have caused insufficient hydrolysis, which led to lower cellulose content. The increasing
temperature does not significantly improve the response as reaction time does. However, the
reaction was difficult to control at 60 °C, and a color change was noticed after 15 min,
indicating adverse reactions such as dehydration. The entire suspension had changed from
white to black after 1 h at 60 °C. This is in line with the findings reported by [38]. He observed
that the NCC yield at 56 wt% acids had no significant changes over different hydrolysis
temperatures (50, 60, and 70 °C). Whereas, at long hydrolysis time with 56 wt% acid, the NCC
yield was low due to the dissolution of cellulose. Hence, higher temperatures, longer reaction
times, and low acid concentrations were found to yield high-quality nanocellulose.

3.4. Optimum process conditions and model verification.

The optimum conditions were found to be at 45 % (acid concentration), 50 °C
(temperature), and 60 min (time). The cellulose content in the synthesized NCC is 85.6 %. The
model's applicability for predicting the optimum response value was verified by comparing the
experimental values with the predicted values obtained using the model equation. These
experiments were conducted in triplicates, and the mean value of the cellulose content in NCC
was calculated to be 86.12 %. We also found that 1 kg of dry raw coir fiber yielded 197 g of
dry nanocellulose product.

3.5. Response surface methodology.
3.5.1. Model fitting.

The utilization of Design-Expert software led to the optimization of process parameters
in order to achieve maximum quality in NCC. ANOVA (Analysis of variance) was carried out
to analyze the experimental results, as shown in Table 5. The best-fitted model for optimizing
cellulose content in NCC is a quadratic model. The model's F-value was 62.36, indicating that
there is only a 0.01 percent probability that this value of F could occur due to experimental
noise. This suggested that the model is significant and that all three factors (acid concentration,
reaction temperature, and hydrolysis time) significantly influenced the response, as evidenced
by the P-value of less than 0.05. The quadratic terms of the three factors were also shown to
be significant. Interacting terms were likewise found to be significant, as seen by the 0.05
probability values [39]. As compared to pure error, "Lack of Fit" having F-value of 1.60 was
found to be not significant. The coefficient of variation (CV) was also found to be 6.95 % from
the ANOVA results, which according to [40] should not be larger than 10 %.

Similarly, the coefficient of determination (R?) value of 0.98 was close to unity,
indicating the empirical model's suitability to obtain experimental value [23]. This R? reflected
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the amount of variation in the response that can be attributed to the model [41]. The predicted
versus experimental values of cellulose content are given in Figure 2. The theoretical values
are near the experimental values, indicating that the constructed model effectively links the
correlation between the tested three factors and cellulose content in NCC. The developed model
equation is:

Yield (%) = 66.23 — 26.86A — 3.19B + 4.29C — 9.49A% - 9.18 B2 — 8.58C? — 4.47AB — 4.53AC
—10.66BC

where A is the acid concentration (wt%), B is the hydrolysis time (minutes), and C is the
reaction temperature (°C). Synergistic effects are represented by a positive sign, while a
negative sign represents antagonistic effects. Overall, it can be concluded that this model was
suitable for predicting the influence of three factors (acid concentration, reaction temperature,
and hydrolysis time) on nanocellulose synthesis.

Predicted vs. Actual

100

80

Predicted

o 20 40 60 80 100

Actual

Figure 2. Predicted vs. actual response values.

Table 5. ANOVA for Quadratic model.

Source Sum of Squares | df | Mean Square | F-value | p-value
Model 7938.33 9 882.04 62.36 | <0.0001 | Significant
A 5771.84 1 5771.84 408.07 | <0.0001
B 81.52 1 81.52 5.76 0.0431
C 146.93 1 146.93 10.39 | 0.0122
AB 79.76 1 79.76 5.64 0.0449
AC 81.95 1 81.95 5.79 0.0427
BC 454.80 1 454.80 32.15 | 0.0005
A? 392.87 1 392.87 27.78 | 0.0008
B2 367.76 1 367.76 26.00 | 0.0009
c2 321.09 1 321.09 22.70 | 0.0014
Residual 113.15 8 14.14
Lack of Fit 55.37 3 18.46 1.60 0.3015 | Notsignificant
Pure Error 57.78 5 11.56
Cor Total 8051.48 17
CV=6.95% R?=0.98 Adj R?2=0.97 Pred R? =0.87

*A-Acid concentration (wt%), B-Reaction temperature (°C), C-Hydrolysis time (min)
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3.5.1. Perturbation plot.

The perturbation plot is used to evaluate which numerical factor is the most sensitive
to response and analyze each factor's effect on the response. By comparing the effect of all
elements at a specific point, the reaction has been shown by changing only one component
while the others remain constant. The behavior of each factor is studied to see how the response
varies as it moves away from a specified reference point [42]. In a reaction, a curve or steep
slope indicates how sensitive the response is to that factor, whereas a flat line indicates how
insensitive the response is to that factor [43]. As illustrated in figure 3, the perturbation graph
was plotted for all components in this study. The reference point for each factor was chosen in
the middle of its range. The response was plotted against the set reference point after modifying
the range of each individual element. The perturbation graph shows that component A has a
steep slope and factors B and C have curvature, implying that the response (cellulose content
in NCC) is sensitive to all three process parameter changes.

Actual Factors Perturbation

B: Temperature = 50

Cellulose content in NCC (%)

-2000 1,000 0.000 1000 2,000

Deviation from Reference Point (Coded Units)

Figure 3. Perturbation plot depicting the effect of all factors on response.
3.6. Characterization of NCC.

3.6.1. Morphology by SEM and TEM.

Scanning with electron microscopy is a technique for obtaining high-resolution surface
images. Figure 6a shows that the coir fiber had diameters ranging from 55 to 150 pm with a
smooth surface due to the presence of some non-fibrous components such as lignin and waxes
and had lesser pore size (Figure 4a). The lignin and hemicellulose were bleached off, and the
fiber bundles were separated into individual cellulose microfibers, as seen in Figure 4b. The
diameter of extracted cellulose fibrils obtained after alkali hydrolysis was 2-3 um (Figure 4c).
Due to the hemicellulose degradation and partial lignin degradation caused by the repeated
alkali treatment and bleaching, the surface of the cellulose microfibril exhibited an irregular
porous structure,

Sulphuric acid hydrolysis individualized the cellulose microfibrils into numerous nano-
sized crystals, as shown in the TEM micrograph (Figure 5a). Additionally, the TEM images
revealed that the nanocellulose synthesized was distinct from the typical needle- or rod-like
morphologies of nanocrystal cellulose [44].
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Figure 4. SEM micrographs (a) Coir fibre; (b) Cellulose after al
microfibril.

kali hydrolysis; c. Individual cellulose

The spherical nanocrystals had diameters below 40 nm. Nanocellulose dimensions
strongly depend on the hydrolysis conditions and extraction techniques [45]. In this study,
sulphuric acid could have removed the amorphous region in the extracted cellulose by causing
the hydrolytic cleavage of glycosidic bonds. The properties of nanocelluloses, such as optical
characteristics, stability, and rheology in aqueous conditions, influence their size and shape, as
has been described [46], and these properties significantly determine the application of
nanocellulose. The NCC's size dimensions indicate that they will be ideal templates for making
nanocomposites, which enhances their mechanical properties and speed up their
biodegradability [47]. Especially, the spherical or square structures of nanocellulose make them
suitable for emulsion stabilizers [48] or as drug delivery carriers for encapsulation [49]. Also,
when nanocellulose is used in paper making, it increases density while decreasing the opacity
and roughness of the paper [50].

s

W Acquire EDX

c
1000

800

600

Energy (keV)

Figure 5. (a) TEM micrograph of synthesized spherical nanocellulose; (b) EDX spectrum of synthesized
nanocellulose.
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For elemental analysis of NCCs, energy dispersive x-ray diffraction (EDX) attached
with TEM was employed. According to their respective binding energies, carbon, oxygen,
calcium, copper, and sulfur peaks were evident in the EDX spectrum (Figure 5b). This
elemental impurity (sulfur) resulted from the cellulose fibers being hydrolyzed by H.SO4 acid,
while copper was due to the grid in which the samples were placed for analysis. [51] also
reported 0.72 % sulfur along with oxygen (56.12 %) and carbon (43.13 %) in the cellulose
nanocrystals obtained from bagasse through acid hydrolysis.

3.6.2. Functional group characteristics by FTIR

The FTIR spectrum of synthesized nanocellulose showed distinct absorption patterns
corresponding to each cellulose functional group (Figure 6). The spectra obtained from this
study were in good covenant with previously reported cellulose spectra (Table 6). The raw coir
fiber exhibited characteristic lignin peaks at 1229, 1505, and 1601 cm™ attributed to aromatic
C—-O-C stretching and C=C skeletal vibrations of the lignin compound [35, 52]. Also, the band
at 1739 cm™ corresponds to the C=0 stretching vibrations of acetyl and carboxyl groups of
hemicellulose [13]. In the nanocellulose spectra, the peak was absent, indicating the removal
of hemicellulose during the extraction process. In the nanocellulose sample, additional
functional groups were also obtained, implying that new bonds were formed during acid
hydrolysis. Sulphuric acid hydrolysis would have functionalized the sulfate groups on the NCC
surface, improving their thermal stability and enabling them to be used as reinforcing agents in
various thermoplastic matrixes [53].

Table 6. FTIR spectral bands of synthesized NCC.

Wavenumber (cm™)
S. No. Spectral Bands Synthesized NCC | Reported cellulose
1. C—H rock vibration 1029 905-1036
2. C-0O-C glycosidic band stretching vibration 1054 1162-1172
3. CHz2 bending vibration 1427 1425-1468
4. H20 absorbed 1630 1629-1645
5. C—H stretching vibration 2890 2890-2900
6. —OH groups stretching vibration 3330 3327-3450

In the nanocellulose spectra, the C-O stretching of cellulose is represented by the
characteristic peak at 1029 cm™ and 1427 cm™, while the peak showed C-O stretching
vibrations at 1054 cm™. Additionally, 898 cm™ and 1160 cm™ peaks attributed to the C-H
deformations and C-O-C stretching vibrations of cellulose, respectively [54]. A sulfated group
(SO2) presence in the NCC spectrum was shown by the peak at 1160 cm™, which was most
likely caused by cellulose sulfonation during the acid hydrolysis process with sulphuric acid
[55]. The bands at 664 cm™ and 1630 cm™ correspond to the presence of C-OH out-of-plane
bending in cellulose and OH bending due to absorbed water, respectively [56]. Also, acid
hydrolysis exposed the hydroxyl groups of cellulose bound by intermolecular hydrogen
bonding, which is exhibited by the broadband at 3330 cm™ as reported by [15] in his study.
The strength and crystallinity of cellulose are determined by this inter- ((O(6)H---O(3")) and
intra-molecular ((O(2)H---O(6) and O(3)H---O(5)) hydrogen bonding which was due to the
presence of pendant hydroxyl groups [57]. The presence of hydroxyl groups in NCC could
accelerate epoxy curing, which makes the NCC synthesized from coir fiber highly suitable for
applications in emulsions. Therefore, the FTIR study revealed that the process of acid and alkali
treatments reduced the quantum of binding components contained in the fibers.
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Figure 6. FTIR spectra of raw coir and nanocellulose.
3.6.3. Crystallinity analysis.

The crystalline properties of cellulose influence its mechanical and thermal properties
[58]. The XRD diffraction patterns of synthesized nanocellulose were obtained at 20 = 16.6°,
22.6°, and 34.6°, which corresponds to the lattice planes 110, 200, and 004 in the cellulose
lattice (Figure 7). The prominent crystalline peak at 22.6° with 100 % intensity confirmed the
presence of crystalline nanocellulose. Specifically, cellulose crystallinity has been used to
determine fiber elasticity, thermal stability, and absorption capacity, all key industrial
application properties.

Components of nanocrystalline cellulose are embedded in a matrix of amorphous
lignin, pectin, hemicellulose, and other elements in raw fiber. The matrix materials reacted with
sodium hydroxide during alkali treatment and began to disintegrate. By defibrillating the fiber,
the high temperature will make it easier for the alkali to get into the interior section of the raw
coir. Figure 8 showed no crystalline peaks in the raw coir fiber because of the presence of
amorphous lignin and hemicelluloses. A broad peak was observed at 20 = 15 - 19° in the raw
coir sample, which is associated with the overlapping of crystalline cellulose | to amorphous
cellulose, hemicellulose, and lignin. It is clear from the graph that raw coir fibers can be
categorized as lignocellulosic material [59]. Pretreatment with alkali and bleaching had
removed these amorphous compounds and other impurities so that the crystallinity of NCC was
increased to 80.05 % (calculated using Eq. 1). The increased crystallinity due to stronger
molecular hydrogen bonding could explain the more pronounced peaks in these samples [60].
According to previous studies, the sulfate groups attached to the surface of NCC would give a
negative charge leading to electrostatic repulsion among the individual nanocrystals. This helps
form homogeneous and stable aqueous suspensions of NCC [56]. This implied that
synthesizing NCCs via acid hydrolysis would influence the highly ordered crystallites by
reducing hydrogen bond formation. The high crystallinity index of the NCC synthesized can
thus be linked to the degree of hydrogen bonding and close packing. Sulphuric acid
modification of cellulose resulted in well-orientated crystallites, as seen in the XRD graph in
Figure 8. In line with the results, [13] also reported 78.55 percent crystallinity of NCC
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synthesized from coir fiber by sulphuric acid hydrolysis. [61] has reported that acid hydrolysis
with hydrochloric acid had increased the cellulose ClI to 75 % from 43.45 % in raw coconut
fiber. Cellulose extracted from Poplar wood chips (50 percent) [62], Eucalyptus Benthamii (54
percent), and E. globulus (55.3 percent) [63] had lower Cls than our value. The characterization
of cellulose crystallinity is also confirmed by crystallite size. The crystallite size of the
synthesized nanocrystalline cellulose was found to be 10.77 nm using Eq. 2. Similar to our
results, [64] also obtained spherical nanocrystals from cotton waste with 7.44 nm crystallite
size by sulphuric acid hydrolysis.

Raw coir

Nanocellulose

Intensity

10 20 30 40 50 60 70 80 90
2 theta (degree)
Figure 7. X-ray diffractogram of raw coir and nanocellulose.

3.6.4. Thermogravimetric analysis.

The TGA and DTG (Derivative thermogravimetry) curves of the raw coir fiber and
synthesized nanocellulose are illustrated in Figure 8. In this study, raw coir fiber exhibited
decomposition in stages, showing several components that decompose at variable
temperatures. Because lignin, cellulose, and hemicellulose have different chemical structures,
they typically degrade at various temperatures. In both samples, a small weight loss was
observed from 40 to 100 °C due to moisture loss and low molecular weight compounds [65].
In this study, the nanocellulose was found to be thermally stable up to 193 °C.
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Figure 8. (a) TGA of raw coir and nanocellulose and (b) DTG of raw coir and nanocellulose.
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Figure 8b shows that the decomposition of the primary cementing component, lignin
started at 220 °C and attained its peak at 300 °C in the raw fiber [66]. The decomposition of
lignin extended above 500 °C. Due to the presence of several chemical bonds in its structure,
lignin breakdown is characterized by a wide temperature range [36]. In this instance,
synthesized nanocellulose degrades at a lower temperature of 180 °C than the raw coir fiber
(193 °C). As suggested in previous studies, this could be due to sulfate groups [67].
Additionally, sulphuric acid used in hydrolysis was thought to dissolve certain crystalline
segments and remove non-crystalline segments. So, increasing temperature makes the material
more prone to decomposition [12]. Also, the percent solid residue left after the pyrolysis was
higher in the nanocellulose than in the raw coir. Hence, it can be concluded that better thermal
stability has been linked to the partial removal of lignin and higher crystallinity of the cellulose
[65].

3.6.5. Zeta potential.

The zeta potential measures the dispersibility of the nanomaterial, with a higher
absolute value implying greater dispersibility. In terms of absolute values, the zeta potential of
NCC isolated from coir fiber (- 72.2 mV) was higher than = 30 mV, the required threshold for
electrostatic stability [68, 69]. This is most likely due to the sample's smaller average diameter
size particles, which results in a decreased particle mass, leading to higher velocity movement
and a larger zeta potential [70]. Another possible reason could be the presence of more
negatively charged sulfate and carboxylic groups on the surface [71]. Similarly, [72] isolated
cellulose nanowhiskers through sulphuric acid hydrolysis of cotton fibers and reported a high
zeta potential of -69.7 mV due to the presence of sulfate groups on the surface. According to
[71], NCC is prepared by hydrochloric acid hydrolysis aggregate due to the absence of
electrostatic repulsive forces between the crystalline particles, which was not found in NCC
synthesized by sulphuric acid hydrolysis. These findings corroborated with [73], in which they
observed that the use of sulphuric acid rather than hydrochloric acid lowers the potential for
starch nanocrystal agglomeration and prevents their flocculation in aqueous conditions. Many
nanomaterials with high zeta potential values of NCC, as high as =58 mV to —25 mV [9, 74],
were obtained through sulphuric acid hydrolysis. Modifying surface charges of nanocellulose
after synthesis based on their zeta potential could be used to remove specific pollutants or
compounds from the environment [75].

3.6.5. Zero point charge (pHzp).

The surface charge of the adsorbent material in an aqueous solution is characterized by
the zero point charge. The pHzpc of the cellulose-chitosan hydrogel beads was found to be 7.00
(Figure 9). The surface charge of the adsorbent material in an aqueous solution is characterized
by the zero point charge. The pHzpc of the cellulose-chitosan hydrogel beads was found to be
7.00. Thus, the surface charge of the adsorbent is neutral at this pH (pH = 0). Due to the
electrostatic forces favoring cation adsorption, the surface of the adsorbent becomes negatively
charged when pH > pHz, whereas when pH < pHy., it attains a positive charge as the
adsorption of H* occurs [76].
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Figure 9. Zero point charge (pHzpc) of the synthesized NCC.

3.7. Adsorption of dyes by the synthesized NCC.

Based on the morphology and physicochemical properties of the NCCs, dyes might be
adsorbed and/or trapped in the porous structures on the surface. Among the 4 dyes, the removal
efficiency of NCC was higher for methylene blue (Table 7). In this study, methylene blue
removal and NCC adsorption capacity remained almost the same at 90 % and
0.71 mg g, respectively, despite the pH increase. But, [77] reported that nanocellulose isolated
from the kenaf core had removed a higher percentage (80 %) of methylene blue at alkaline pH
than the acidic pH (35 %). Adsorbent surface charges are affected by the solution pH by
protonating or deprotonating the functional groups [78]. However, in the case of adsorbents
containing functional groups such as -COO-, -OSOs-, the negative surface charge decreased
when pH approached the pKa of the functional groups. The FTIR results show that synthesized
NCC had sulfate groups that have pKa around 1.9. Because of this, methylene dye removal
percentages between pH 5 to 9 were not affected. In a similar manner, congo red removal
percentage also remained unchanged (87-89 %) at different pH levels. This experiment found
that electrostatic interaction between the adsorbent and the dyes (MB and CR) played a greater
role than the pH of the solution.

Table 7. Removal efficiency (%) and dye adsorbed (mg g*) by the synthesized NCC at different pH.

Dyes Initial concentration | pH | Removal Efficiency (%) | Dye adsorbed - g: (mg g)

5 52.86 0.40

Methyl Red 15 ppm 7 57.38 0.44
9 43.10 0.33

5 87.74 0.84

Congo Red 15 ppm 7 89.29 0.86
9 89.96 0.87

5 90.82 0.71

Methylene Blue 15 ppm 7 90.89 0.71
9 90.86 0.71

5 72.45 0.54

Crystal Violet 15 ppm 7 75.85 0.57
9 79.18 0.59

Interestingly, the adsorption capacity of NCC for crystal violet had increased from 0.54
to 0.59 mg g* with increasing pH from 5 to 9. Higher removal percentage (79.18 %) of crystal
violet was observed at alkaline pH of 9. As the pHz. of synthesized nanocellulose is 7.00, the
adsorbent surface is negatively charged above 7.00 due to increased deprotonation of amine
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groups, i.e., NHz, on the adsorbent. This explained the higher removal of crystal violet at higher
pH. Moreover, higher pH values (pH>7) allow the NCC surface to be negatively charged,
which is conducive to cationic dyes being associated with adsorbents [79]. The lower CV
adsorption at acidic pH values is probably due to excess H* ions competing with dye cations
for adsorption sites. Among the dyes, the lowest adsorption by NCC was observed for methyl
red. The adsorption capacity of NCC and removal percentage was higher in neutral pH (7) with
0.44 mg g* and 57.38 %, respectively. The removal percentage was low at the alkaline pH
(43.1 %) than at the acidic pH (52.86 %). Methyl red being an anionic dye, its adsorption onto
NCC was favored at pH below pHzpc. This could be due to the increased H* ions leading to
higher protonation on the adsorbent surface and increased electrostatic attraction between the
anionic dye and positively-charged NCC. These results suggest that synthesized NCC can be
used for removing dyes from textile effluents in a wide pH range.

3.8. High-value NCC synthesis cost.

Coconut husk fiber is a predominant residue in coconut cultivation and its allied
industrial sectors. The fiber is used to produce coir yarn and geotextiles, which have a niche
market in the local area. The cost of coir fiber, coir yarn, and geotextile (A grade) are 13, 38,
and 70 Rupees (INR) per kg, which draw marginal profits due to the high cost of skilled labor
[80]. Hence, an alternative product with wide applications could help the thriving sector amidst
the demand for skilled labor. Nanocrystalline cellulose price varies from Rs. 10,000 to an
astounding price of 1.6 lakhs per kg based on its source for raw material, processing method,
properties, and numerous applications [81, 82]. Hence, the cost of extracting the NCC in this
study could help us understand the economic viability of large-scale extraction of nanocellulose
(Table S1). Five kilograms of raw coir fiber procured for Rs. 65 was utilized to extract one
kilogram of NCC [80]. The acids and alkali used in this extraction cost around Rs. 6857
(Unpublished price list obtained through tender), which could be reduced when purchased at a
large scale. The electricity cost was around Rs. 105.60. The unsorted materials and water
utilized in this extraction process are valued at around Rs. 2139 in the region. Hence, the total
processing cost for extracting one kilogram of NCC is Rs. 9166 (INR). While the cost of
infrastructure, labor, and capital investments holds the lion's share, it is excluded from the cost
of extracting NCC in this study since it was carried out on a laboratory scale. However, pilot
scale studies are required to ascertain the capital cost and actual production potential. Based on
the current assessment, extraction of high-value NCC from coconut fibers is an economically
viable alternative to existing technological interventions.

4. Conclusions

This study's objective was to synthesize nanocellulose from raw coir fiber to enhance
its efficient use in various applications. The extraction of nanocellulose from raw coir fiber has
been found to be successful via alkali-acid hydrolysis. Alkali-acid hydrolysis method produced
homogeneous spherical nanocrystals from coir fiber with a diameter below 40 nm under
optimized conditions (45 % acid @ 50 °C for 60 min). However, the efficiency of cellulose
extraction from coir fiber was reported to be 50-60 % with existing technologies. Hence,
improvement in the efficiency of the process with further research with technological
advancements would be the way forward. Since pure cellulose has a wide range of properties,
its nano form can be used in various industrial and biological arenas by integrating
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nanotechnology. Furthermore, as demonstrated in this study, the synthesized NCC could be
efficiently used to remove various dyes from the textile and dyeing effluents. Surface
modification of NCC during synthesis would improve its potential to remove a wide variety of
pollutants.
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Supplementary materials

Table S1. Economics of nanocellulose synthesis.

S.No. Particulars ‘ Quantity ‘ Unit ‘ Rate (Rs.) ‘ Amount (Rs.)

A. Raw material

1 Coir Husk 5 kg 13 65.00

2 Sulphuric Acid 25.5 L 165 4207.50

3 Nitric Acid 5 L 174 867.50

4 Sodium Hydroxide 1.25 kg 185 231.25

5 Sodium Hypochlorite 50 L 31 1550.00

B. Processing Cost

1 | Electricity 132 | unit | 8 105.60

C. Others

1 Water & unsorted materials 2000.00

2 Miscellaneous 138.70
Total 9166.00
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