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Abstract

This study explores the use of rice straw-derived cellulose nanofibers (CNFs) for the adsorption of Reactive Black 5 (RB5) and
Methylene Blue (MB) dyes from aqueous solutions. Rice straw was treated and mechanically processed to produce CNFs, which were
characterized using techniques like FTIR, XRD, SEM, and TEM. The adsorption performance was evaluated under various conditions,
including pH, contact time, initial dye concentration, and adsorbent dosage. The results showed high adsorption capacities for both dyes,
with maximum capacities of X mg/g and Y mg/g, respectively. The CNFs demonstrated good reusability, maintaining over 99% of their
adsorption capacity after multiple cycles. The study aims to develop nanofibers from rice straw that are more efficient and sustainable for
the removal of synthetic dyes from wastewater. The lignocellulosic composition of rice straw showed 79.33% a-cellulose and 15.6%
lignin, with pretreatment reducing lignin content by 94.68%. The next step was to extract the cellulose and spin it into nanofibers, pro-
ducing uniform and fine fibers with improved shape with chitosan. The nanofibers were found to be effective in removing the dyes, with
accurate adsorption mechanisms and favorable conditions, particularly with increased chitosan content.

Keywords: rice straw, cellulose, electrospinning, adsorption Kinetic study, dye removal.

1. Introduction

This study investigated the possibility of using cellulose extracted from rice straw that is considered natural waste
and conversion to cellulose nanofibers (CNFs) as an intelligent system to treat industrial wastewater polluted by dyes and
heavy metals. As a result, this study opens the door for rice straws to be used in value-added ways in place of the present
damaging methods to the environment.

Cellulosic fibers are mostly found in wood, but they can also be found in considerable amounts in annual plants
like wheat, rice, cotton, sisal, jute, and so on. The survival of the ecosystem and ecological concerns are the main drivers
behind the increased use of these plants, aside from financial savings The most significant benefits of cellulosic fibers are
their availability, environmental friendliness, biocompatibility, minimal abrasiveness, and high specific stiffness and mod-
ulus. [1-11]

To achieve Sustainable Development Goals (SDG)it has Our objectives in this study are double-edged goals is get
rid of natural solid waste like rice straw plus produce new useful products (CNFs) used to remove pollutants from industri-
al wastewater EX (Dyes and Heavy metals). Rice straw represents a significant portion of the global population, particular-
ly in Asia and Africa, rice is a staple diet. However, the yearly cultivation of rice produces enormous amounts of husks
(estimated as ~8 x10 ' kg) and straw (~1.5 x10 ' kg) Presently, approximately twenty percent of rice straw is put to use
in practical ways, like making paper, fertilizers, animal feed, and biofuels and the majority are either burned in place, [12]
which leads to polluted the ecological system with increase percent of greenhouse gases (GHG) and increase climate
change.

Environmental contaminants that pollute industrial wastewater like (heavy metals -dyes) harm human health in
numerous ways and degrade water quality, which upsets the environment.

Heavy metals (HMs) are hazardous and classified as persistent toxic environmental pollutants that are non-
degradable and continue in the human food chain which is transferred through fish and they pose serious dangers to both
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human health and environmental safety. Removing them from industrial wastewater effectively is crucial for maintaining
environmental safety, enhancing sustainability, and safeguarding public health. [13].

Because of the release of colored effluents including reactive dyes, the textile sector is one of the main causes of
water contamination. Two such dyes well-known for their environmental toxicity and persistence are reactive black 5 and
methylene blue. Effective adsorbents are therefore rather important since conventional wastewater treatment techniques
are usually insufficient for dye removal. Derived from plentiful agricultural wastes such as rice straw, cellulose nanofibers
(CNFs) offer a sustainable and environmentally acceptable dye adsorption solution.

They may have entered the ecosystem naturally or as a result of human activity [14] Certain concentrations of ar-
senic (As), cadmium (Cd), mercury (Hg), lead (Pb), copper (Cu), chromium (Cr), and zinc (Zn) may be released into sur-
face or groundwater resources by natural processes such volcanic activity, soil erosion, and rock weathering. [15] The
majority of heavy metals (HMs) found in surface waterways are caused by chemical spills, improper industrial wastewater
discharge, and contaminants from storm runoff [13, 16, 17] in addition to dyes pollutants produced from improper indus-
trial wastewater discharge from the textiles industry, Many industries use dyes, including the paper, textile, plastic, and
food industries. [18]

2. Experimental
2.1. Materials

Rice straw was used as the biomass raw material source for the natural lignocellulosic fiber and was gained from
our local Egyptian farmers: Shebin- El Kanater — Qaluobia, where it was dried at room temperature to equilibrium mois-
ture content, Sodium hypochlorite as a bleaching agent was acquired from El Nasr Company for Chemicals.

Sodium hydroxide, sodium chlorite, acetic acid & sulfuric acid 72% (w/w), was gained from El Nasr Company for
Chemicals. Sodium carbonate, acetic anhydride, Sulphuric acid, sodium citrate, ethyl alcohol, other solvents, and double
distilled water were laboratory-grade chemicals. N, N'-dimethyl formamide (DMF), Dimethyl sulfoxide (DMSO), Dime-
thylacetamide (DMAc), and acetone were purchased from Sigma-Aldrich.

The dye used in this study is Reactive Black 5 (RB5). This dye was kindly supplied, by Sigma-Aldrich USA (mo-
lecular weight = 991.82 g/mol, C.I. no. = 306452, Ay = 597 nm). Basic dye 9 (Methylene Blue) (C;¢H;3sCIN;S) was pur-
chased from Carl Roth GmbH Co. Both dyes were used as received and the chemical structure is shown in Figure 1.
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Figure 1: Chemical structure of both used dyes Reactive Black 5 (RB5) Methylene Blue (MB)

2.2.Methods
2.1.1. manufacture Process
2.1.1.1.  Alkaline pulping

Rice straw was cut into small pieces, it was added into a pressurized vessel(autoclave) having a solution of 5%wt
Sodium hydroxide with liquor solid ratio 10:1, temperature reached 105°C & pressure to the sample reached 15atm, Rice
straw was soaked in the autoclave for 2hrs to separate into cellulose fibers and lignin. Cellulose fibers are sent for washing
in warm water and then bleach process. [46]

2.1.1.2.  Bleaching process

After the cooking process, the fibers are brownish, as they still contain some lignin, which negatively affects the
degree of whiteness. High brightness can be obtained by removing the remaining lignin with a bleaching agent. Two
methods are used in the bleaching process. The bleaching agent is Sodium hypochlorite NaOCI.
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2.1.1.3.  Bleaching method

The process which uses sodium chlorite 5% (w/v) was carried on pressure latm and room temperature by solid lig-
uor ratio 1:10.

2.1.2. Electrospinning of Cellulose fiber

Produced Cellulose powder from rice straw 2 g was solubilized in a different solvent such as Chloroform, N, N'-
dimethyl formamide (DMF), Ac/DMAc (2:1) using 10 % ratio for 3 hr, a by vigorous stirring for more 2 hr. Syringe glass
10 ml filled with prepared solutions and connected with the positive part of Electrospinning, the negative part connected to
the rotated collector as appeared below. The syringe pump worked at a speed rate of 6 ml/hr. The prepared electro-spun
fibers collected and cute for the characterizations [22]. After that chitosan was mixed with cellulose solution (10 %) by
three different ratios 1, 2, and 3 %, and then applied to the electrospinning process by the previous condition.

2.2. Analysis and measurements
2.2.1. Rice Straw Chemical Composition Estimation

2.2.1.1. Water absorption

To investigate water absorption, 35 grams of rice straw was dried in an oven at a temperature of 105°C for a period
of 2 days to ensure complete evaporation of water, [19, 20] The dried particles were then submerged in water for varying
durations ranging from 5 minutes to 48 hours. By observing the absorption rates of the rice straw, denoted as A(t), we can
determine the water absorption.

A,=100 x T
mo

A water absorption percent, m;: weight after drying, and m,: weight before drying
2.2.1.2.  Estimation of the Ash present

The ash was estimated from rice straw by ignition [45]where rice straw was cut into small pieces. A weighted ma-
terial (about 1 g) was ignited in a muffle furnace in a porcelain crucible first at 400 °C for 30 min and then at 850 °C for 45
min and then ash was gravimetrically estimated. The ash percentage was calculated from equation (1).
Ash% = weight of ash

——————————x100 Equation (1) calculation of Ash percentage
weight of dry sample

2.2.1.3.  Estimation of Lignin

Lignin in raw material was estimated in which, about one gram (exactly weighed) was treated with 72 % sulphuric
acid (w/w) with a 20:1 liquor ratio for 4 hours at room temperature about 25-30°C then diluted to 3 % sulphuric acid and
boiled for four hours under reflux. The lignin was filtered on an ashless filter paper and washed with hot distilled water till
neutrality then gravimetrically estimated and ignited at 400°C for 30 min, then at 800°C for 45 min (1). The weight of ash
was subtracted to give the lignin-free ash by using equation (2). [45]
weight of lignin—weight of its ash

Lignin% = x 100 Equation (2)

weight of the dry sample

2.2.1.4.  Estimation of a-Cellulose and Hemicelluloses:

To determine o-cellulose in the raw material hollo cellulose must be estimated first and from it a-cellulose could
be determined. Hollo cellulose was prepared according to the sodium chlorite (NaClO,) method as follows: Exactly
weighed about 5 g of Exacted rice straw was added to 80 ml of distilled water at 75°C, solution must be stirred mechani-
cally, then added acetic acid (0.8 ml) and sodium chlorite (1.86 g) and the reaction was allowed to proceed with vigorous
stirring. This process was repeated until the lignin color nearly disappeared. At the end of the response, the remaining hol-
lo cellulose was washed with distilled water until free from acid, acetone, and ether. The product was dried under vacuum
at 50°C and then weighed the hollo cellulose. [45]

a-cellulose was determined by using 17.5 % (w/w) sodium hydroxide as follows: About 3 g (exactly weighed) of

holloceullose was treated first with 25 ml of sodium hydroxide (17.5 % w/w) then left to swell for 4 min at 20°C, the sam-

ple was pressed for 3 min with a glass rod, then another 25 ml of NaOH was added and the contents were mixed for 1 min

then left covered at 20°C. After 35 min, 100 ml of distilled water was added, followed by filtration in a sintered glass fun-

nel. 100 ml of 10 % acetic acid was drop wisely added for washing followed by distilled water. The a-cellulose percentage

was estimated gravimetrically after dryness in a drying oven at 105 °C and after subtracting the ash from Equation (3). [45]
weight of a — cellulose — weight of its ash

— cellulose% = 100
« — cellulose% weight of original hollocellulose sample x

hemicellulose% = (hollocellulose% — «a cellulose%) Equation (3)

2.2.2 Characterization of produced electro-spun fibers

Electro-spun cellulose fiber homogeneity and fiber diameter were examined through a scanning electron micro-
scope (SEM). Microscopic investigations on electro-spun fibers were carried out using a Philips XL30 scanning electron
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microscope (SEM). Images were taken using secondary electrons (SE) by the clarity of the images [23]. Samples were
fixed with carbon glue and metalized by gold vapor deposition to record images. The conductivities, viscosity, and surface
tension of spinning solutions were measured with a digital conductivity meter (DDS-307A) and NDJ-79 Digital Brookfield
viscometer. To achieve that, the conductive electrode was soaked into the solution completely at room temperature, and
then the stabilized readings were recorded.

2.2.3.  Adsorption and Isothermal Studies

To convert the absorbance measured into concentration and monitor the amount of RB5 and MB adsorbed, five
known concentrations for each dye were prepared and measured using 5 cm quartz cells housed in a UV/visible spectro-
photometer (UV-1601 Shimadzu, Japan) at Amax= 597 and 610 nm respectively. This calibration standard curve was es-
tablished as shown in Figure 2
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Figure 2: calibration standard curve for both used dyes RB5 and MB

The batch adsorption studies were conducted in Erlenmeyer flasks that contained 100 ml of the dye solution with a
concentration of 10-300 mg/L. 2 g of the natural network nanofibre was further added to the samples. The flasks were
shaken on a horizontal shaker at a constant speed of 400 rpm and a temperature of 30°C. Subsequently, equilibrium was
achieved by stirring the Erlenmeyer flasks for three hours. The UV/visible spectrophotometer (UV-1601 Shimadzu, Japan)
was employed to detect the concentration of both dyes RB5 and MB in the solution following equilibrium adsorption at
Amax= 597 and 610 nm respectively. All adsorption experiments were conducted in duplicate, and the mean values were
reported.

For kinetic experiments, after the treatment, sampling was done at varied times (10—120 min). 5 ml of the sampled
aqueous phase was tested for the residual concentration of both dyes RB5 and MB using a UV-Vis spectrophotometer and
then added back into the treatment solution to keep the concentration constant.

For isotherm investigations, 100 ml of the solutions of varied RB5 and MB concentrations (10 — 300 mg/L) were
produced in separate 250 ml conical flasks. 1g of nanofibre was placed into each of the conical flasks. After 30 min, the
solution was tested then the absorbance was converted to concentration. Duplicate tests were done in parallel to check the
results.

2.24. Error analysis

In light of the innate predisposition coming about because of the linearization of the isotherm and dynamic models,
four different error functions of the non-linear relapse bowl were utilized as criteria for the nature of fitting. [21-23]

2.2.4.1. The root means square error (RMSE)

The root means square test (RMSE) has been utilized by various analysts in the field to test the sufficiency and
precision of the model fit with the exploratory information:

n
1 2
— Z(Qi—Qi.e)
=1

Where qi is the test sorption limit from the batch analysis i, q; . is the sorption capacity evaluated from the sorption
model for comparing qi and n is the number of perceptions in the batch experimental.

2.24.2.  The chi-squared test (X*)

The chi-squared test (X?) statistic is the whole sum of the squares of the differences between the experimental data
acquired by evaluation from models, with each squared difference divided by the corresponding data obtained by calculat-
ing from models. The chi-squared test has some comparability with the root mean square error and is given as:

RMSE =

Egypt. J. Chem. 68, No. 5 (2025)



FABRICATION AND CHARACTERIZATION OF RICE STRAW-DERIVED CELLULOSE.. 657

n
(4i—Gie)?
Gie

X2 =

i=1

2.24.3. The sum of absolute errors (SAE)
The aggregate of total errors (SAE) is given as:

n
SAE = Z|Qi—4i.e|i
=1

The isotherm parameters controlled using this method provide a better fit as the size of the errors increments, bias-
ing the fit toward the high-concentration data

2.2.44. The average relative error (ARE)

The average relative error (ARE) is characterized as:

n
100

ARE = — qt—Cie
n

qe

This error function endeavors to limit the fractional error conveyance over the whole concentration range.

3. Result and Discussion
3.1. Characterization of rice straw

The lignocellulose breakdown efficiency after the chemical composition analysis of rice straw is shown in Table 1.
The unprocessed rice straw used in this investigation consisted of 79.33% o--cellulose, and 15.6% lignin. Rice straw un-
derwent degradation shortly after undergoing pretreatment. Table 1 and

Table 2 show that cellulose and lignin's breakdown efficiency was higher than lignin's. Following the pre-
treatment process, 94.68 % of the lignin was eliminated, with a loss of 39.46 % of cellulose and 6.63 % of ash content.
Following processing, the rice straw's structure was significantly damaged, resulting in many fractures.

Bio-based materials possess a notable degree of absorbency as a result of the existence of polysaccharide mole-
cules, namely hemicellulose, and cellulose, which possess the capacity to bind and hold water molecules. To properly em-
ploy these materials, it is essential to comprehend their water absorption capability and the speed at which they absorb
water. Table 1 shows the proximate analysis classifies rice straw in terms of its moisture (M), volatile matter (V), fixed
carbon (FC), and ash content (A). In addition, yield percent, a cellulose, lignin, and Ash content in rice straw, after pulping
with NaOH and after bleaching were reported in

Table 2. Rice straw pulping and bleaching could be successfully performed in NaOH at pressure where the pulp
and bleaching obtained has low lignin content, low ash content, and bright white color of cellulose

Table 1: a cellulose%, lignin% moisture content, volatile matter, Ash content, and fixed carbon in rice straw, after pulping
and bleaching with NaOH

MATERIAL rice straw pulp NaOH bleaching with NaClO,
moisture content (%) 7.20 6.40 7.00
volatile matter (%) 56.90 75.70 68.00
Ash content (%) 27.20 11.20 1.127
fixed carbon (%) 8.70 6.70 8.00
a-cellulose (%) 79.33% 66.66% 79.00%
lignin (%) 15.62% 8.98% 11.57%

Table 2: yield percent, a cellulose, lignin, and Ash content in rice straw, after pulping with NaOH and after bleaching.

Material yield% o cellulose% Lignin% Ash content%
Rice straw 100% 79.33% 15.60% 27.20%
pulp NaOH 59.20% 39.46% 5.32% 6.63%
NaClO, bleaching 90.28% 31.17% 0.615% 1.127%

FT-IR was used as an analytical instrument to ascertain the chemical structural alterations of rice straw after the
bleaching process. The FT-IR spectra of the samples are shown in Figure 3. The analysis focused on measuring the altera-
tions in functional groups of the bleached rice straw within the range of 500 to 4000 cm™. In the FT-IR spectrum of
bleached rice straw. The broad hydroxyl band observed between 3000-3500 cm™ in all samples indicates the presence of
O-H groups in holocellulose, which includes both cellulose and hemicellulose. Additionally, the peaks at 1158 and 1026
cm! are associated with the C-O-C stretching in cellulose and hemicellulose. The peaks at 2918 and 1370 cm™ represent
the C-H bonds found in the methyl and phenolic groups of lignin and hemicellulose. The peak at 789 cm™! signifies the
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glycosidic B (1-4) linkage characteristic of cellulose. The peak at 1735 cm™ corresponds to the C=O0 stretching of the ace-
tyl group present in hemicellulose and lignin, while the band at 1640 cm™ indicates aromatic skeleton stretching.

In the extracted cellulose sample, the absence of peaks at 1740 cm™ and 1242 cm™!, which are associated with car-
bonyl and aromatic groups in lignin, suggests that effective delignification occurred during the pulping and bleaching pro-
cesses. However, a slight shoulder at 1740 cm™ remains, indicating the presence of some residual hemicellulose or lignin.

100 e 2
———_ ~

o8 A\ W |
__ 96
= 94
g 92
£ 90
£ g8 raw
£ .
= 86 pulping
= 84 bleached

82

80

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

Figure 3: FT-IR spectra of raw and pretreated rice straw

The crystallinity of raw and bleached rice straw. The main purpose of pretreatment is not only to remove lignin but
also to break the inter- and intra-chain hydrogen bonding of cellulose fibrils and destroy the cellulose crystalline structure
in rice straw, [24] thus making the feedstock more accessible to a broad range of microorganisms. To investigate the crys-
tallinity changes of rice straw after pretreatment, X-ray diffraction (XRD) was performed and the XRD patterns of the raw
and pretreated rice straw are shown in Figure 4. The raw rice straw (a) shows lower peak intensities, indicating a lower
degree of crystallinity. This is typical for lignocellulosic biomass, which contains amorphous components lignin and hemi-
cellulose. The extracted cellulose (b) exhibits sharper and more intense peaks, particularly around 26 = 22°, which is char-
acteristic of cellulose, the crystalline form of cellulose. This indicates that the Bleaching process effectively removed
amorphous components lignin and hemicellulose, enriching the crystalline cellulose content. The XRD spectra demon-
strate that bleaching significantly alters the structural composition of rice straw, increasing its crystallinity by removing
amorphous lignin and hemicellulose. This change improves the material's suitability for industrial and biochemical appli-

cations.
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Figure 4: X-ray diffraction spectra; (a) rice straw (b) extracted cellulose
3.2. Characterization of manufactured nanofibers
Ultrafine fibers can be generated from polymer solutions through electrospinning. [25-29] This method can effi-
ciently produce fibers with diameters in the micrometer range of nanometers. The electrospinning process for fiber for-
mation from polymer solutions is significantly influenced by the properties of the solution, including viscosity, surface
tension, and net charge density.

In the electrospinning of extracted cellulose solutions, viscosities ranging from 1 to 20 poise and surface tensions
between 35 and 55 dynes/cm were appropriate for fiber formation.

Electrospinning was impeded at viscosities exceeding 20 poise due to flow instability resulting from the solution's
high cohesiveness. Droplets formed when the viscosity was insufficient (1 poise). Altering the surface tensions of cellulose
solutions through modifications in solvent systems has been demonstrated to affect fiber morphology. Understanding sol-
vent systems is crucial for regulating solution properties in the electrospinning process to produce ultrafine fibers.

Electrospun fibers can be engineered to create various structures by employing solvents with elevated vapor pres-
sure or by intentionally incorporating salt into the polymer solution, which is subsequently leached out after drying the
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fibers. The resultant structure of electrospun fibers possesses a high surface-to-volume ratio, rendering them suitable for
filtration, odor absorption, and diverse smart textile applications. [30-32]

The optimal conditions for spinning extracted cellulose from rice straw waste using various solvents (chloroform,
dimethylformamide, AC/DMAc 2:1) were a flow rate of 6 mL/hr, a nozzle-holder distance of 10 cm, and an applied volt-
age of 20 kV, to examine the influence of different solvents on fiber morphology. The parameters of viscosity, conductivi-
ty, and surface tension of the extracted cellulose from rice straw waste solutions were analyzed and presented in

Table 3. Altering the solvent resulted in modifications to the properties of the polymer solution, including conduc-
tivity and surface tension. This may contribute to an increase in the polarity of the extracted cellulose solution.
SEM images of extracted cellulose electrospun fibers are depicted in figure 5. The electrospinning of cellulose extracted
from each solvent produced a broad and uniform spun sheet. The homogeneity was ascribed to a fully soluble solution and
uniform distribution resulting from the consistent influence of the electric field on the spun solution from the needle to the
collector. Moreover, employing DMF as a solvent resulted in a dense, centrally located bundle sheet.

Table 3 illustrates that the thick fibers, resulting from phase separation, were produced using DMF followed by chloro-
form, while the combination of acetic acid and dimethylacetamide as a solvent yielded thinner fiber diameters.

From this investigation, it concluded that, using AC/DMAC (2:1) as a solvent the produced nanofiber shows the

smaller diameter and the the best homogeneous distributed fiber. Therefore, further investigation occurred to investigate
the effect of blending chitosan with extracted cellulose using AC/DMAC as a solvent on the behavior of the produced
nano-fibre.
The surface morphology of the electrospun fibers was frequently examined using SEM, as illustrated in Figure 5. Altering
the solvent in the spinning of CA yielded remarkable results. The Ac/DMAc (2:1) solvent demonstrated an effective spin-
ning process resulting in thinner fibers. SEM results indicated that morphology and fiber homogeneity improved as the
chitosan polymer blending increased from 1 to 3%. Spinning with a low chitosan concentration (1%) produced homogene-
ous cylindrical fibers with a diameter of 1.2 pm. The fiber diameter was reduced by elevating chitosan concentration to
3%, achieving a measurement of 1.1 pm.

Subsequently, the chitosan fiber diameter was inversely adjusted. The short duration required to reach the collector
is attributed to an increase in time, which adversely affects solvent evaporation, resulting in a reduction in fiber diameter
and the production of stable electrospun fibers. The incorporation of chitosan may facilitate the separation of extracted
cellulose chains from the solvent, thereby promoting rapid solvent evaporation. Simultaneously, hydrogen bonding among
water molecules facilitates chain entanglement, enabling the spinning process.

Finally, it can be concluded that blending chitosan with extracted cellulose enhances the morphological behavior
and the fiber diameter.

Figure 5: SEM images for produced Electro spun fibers in different solvent A) Cell (10)/DMF, B) Cell (10)/Chloroform, C) Cell
(10)/AC/DMAC, D) Cell (10)/Chito (1)/ AC/DMAC, E) Cell (10)/Chito (2)/ AC/DMAC, and F) Cell (10)/Chito (3)/ AC/DMAC.
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Table 3: Fiber diameter of electrospun extracted cellulose fibers

Conductivity Viscosity S_u rface ten-_ Character- _Flber
Polymer Solvent 1 sion (Nm m . . diameter

puS cm (mPS s) 1 istics um

Chloroform 5.5 43.25 30.6 Thin fiber 1.9

Cellulose (10%) Dimethylfor- 7 4133 39.11 Thick fiber 2.1

mamide

AC/DMAc 4.2 40.11 38.34 Thin fiber 1.3
Cellulose (10%) / s

Chitosan (1%) AC/DMAc 43 41.22 38.32 Thin fiber 1.2
Cellulose (10%)/ s

Chitosan (2%) AC/DMAc 43 41.32 38.22 Thin fiber 1.1
Cellulose (10%)/ c

Chitosan (3%) AC/DMAc 43 41.44 38.14 Thin fiber 1.1

3.3. Adsorption Study

The nanofibre may engage with RB5 and MB dyes via hydrogen bonding and/or hydrophilic-hydrophobic interac-
tions. This observation may be ascribed to the reduction in dye dissociation, resulting in a diminished concentration of dye
species available to engage with the nanofibre active sites. This behavior can be elucidated by the diminished degree of
protonation of functional groups, specifically carboxylic groups.

The dye uptake was determined by the difference in dye concentrations in the supernatant, utilizing the following
equation:

Q=V(,-C;)/M

Q represents the dye uptake (mg/g), C, and C; denote the initial and final dye concentrations in the solution (mg/l),
respectively, V signifies the volume of the solution (L), and M indicates the weight of the nanofibre (g).

3.3.1. Effects of the contact time on the adsorption of dye onto nanofiber surface

Figure 6 illustrates the dye Concentration as a function of time at an initial dye concentration of 40 mg, efficiency
of dye adsorption (%), and Adsorbed Dye Concentration (mg dye/mg fiber) in the uptake of RB5 and MB correspondingly
by the nanofibre. Approximately 95% of the overall absorption of RB5 was attained within 60 minutes.

3.4. Kinetic Study

The kinetics of the adsorption processes provide useful information regarding the efficiency of adsorption and the
feasibility of scale-up operations. The concentration-time curves (Error! Reference source not found.) of the adsorption
of RB5 and MB on the surface of nanofibers suggest that both dyes (RB5 and MB) adsorbs on the prepared nanofibers
very well, exhausting about 95% from dye bath effluent. 3, 8, 33-37]

Three kinetic models were tested to find out the appropriate expression for the adsorption rate, viz.: the pseudo-
first-order [38], the pseudo-second-order model [39], and the Intra-particle diffusion model [40]. The pseudo-first-order
rate equation is given below:

dq n
Z=k1(qe -q,)

Where ¢, is the amount of dye adsorbed (mg/g) at time t, ¢, is the maximum adsorption capacity (mg/g), k is the

rate constant (min) and n is the reaction order. On integration, the linear form can be written:

In(g, —¢q,) =In(q,) — k,t For n=1 (first-order reaction)
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Figure 6: the concentration-time curve of RB5 and MB onto the surface of nanofibre at 25°C

The rate of the pseudo-second-order model depends on the amount of dye adsorbed on the surface of the adsorbent
and the quantity adsorbed at equilibrium [41]. After integration, the model was written as:

1 (1 (1) 1
= o +
g, \kyq, \t) q,

Where g, is the amount of dye adsorbed (mg/g) at time t, ¢, is the maximum adsorption capacity (mg/g) for second-
order adsorption, and k, is the second-order rate constant (g/mg.min).

Both of pseudo first and pseudo second order models above cannot be used only to identify the diffusion mecha-
nism, so the intra-particle diffusion model was proposed. The initial rate of the intra-particle equation is the following

[40]:
Q=K t"?+C

Where kg is the intra-particle rate constant (g/mg min~"?), and it is a function of equilibrium concentration in the
solid phase, Q, and intra-particle diffusion C can be determined.

From the above equations, the values of the adsorption rate constant (k) for RB5 and MB adsorption on nanofibre
were determined. In addition, the values of other parameters and the correlation coefficient were calculated for each plot.
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The value of reaction order was chosen for which the best linear correlation is achieved (the highest value for R*). The

corresponding values of rate-constant (k) and correlation coefficients Rl are given in Table 4. The results in Error! Ref-

erence source not found. indicate that the best fit is given by a pseudo-second-order kinetics model for the data of adsorp-
tion of RB5 by each prepared nanofiber. The pseudo-second-order kinetic model suggests also that the mechanism of ad-
sorption is a diffusional one via micropores (figures are omitted). In addition, The results in Table 4 indicate that the best
fit is given by a pseudo-first-order kinetics model for the data of adsorption of MB by each prepared nanofiber. The pseu-
do-first-order kinetic model suggests also that the mechanism of adsorption is a diffusional one via micropores (figures are
omitted).

However, the plot of RB5 and MB uptake Q, versus square root of time t'> does not pass through the origin in this

study (Figure 7 and Figure 8). This indicates that intraparticle diffusion in the sorption process is not the only rate-
limiting step but also other kinetic processes may be occurring and contribute to the sorption mechanism [40].

Table 4: The kinetic parameters values as obtained from the experimental data for both dyes using different nanofibres

RB5 MB
Pseudo Pseudo Pseudo Pseudo
Nanofiber Parameters First- Second- Intraparticle First- Second- Intraparticle
order order diffusion model order order diffusion model
model model model model
R? 0.854 0.9816 0.858 0.9993 0.9918 0.7539
Cell/chito 1 K 0.005067 0.0007 0.2132 0.0076 0.0003 0.4946
C 1.9016 5.6827
Q. 9.3154 8.5985 22.9879 20.0401
R2 0.854 0.9998 0.6467 0.9994 0.9949 0.7564
Cell/chito 2 K 0.0076 0.0021 0.2372 0.0076 0.0004 0.5912
C 11.081 6.5525
Qe 11.7247 19.4175 27.4410 28.4900
R2 0.9704 0.984 0.5704 0.9991 0.9943 0.758
Cell/chito 3 K 0.012436 0.0003 0.6564 0.00737 0.0003 0.6879
C 11.987 7.4223
Qe 34.4509 35.9712 31.8933 33.1126

3.5. Isothermal Studies

The maximum sorption capacities at varying initial dye concentrations were assessed using a UV-Vis spectropho-
tometer, with the results depicted as adsorbed dye concentration (mg/g) or dye adsorption efficiency (%) against different
initial dye concentrations, as illustrated in Figure 9 and Figure 10. It is evident from these figures that increasing the dye
concentration in the dye bath from 1 to 30 mg/100 ml enhances the maximum adsorbed dye concentration alongside the
increment of chitosan in the nanofibers (1 to 3%). Conversely, the calculation of dye adsorption efficiency (%) demon-
strates a discernible reversible trend, indicating that the efficiency of dye adsorption diminishes as the dye concentration
increases, exhibiting varying values until reaching 10 mg/100 ml, after which further increases in dye concentration lead to
a decline in dye efficiency.

The curve of adsorbed dye concentration can also be utilized to characterize the adsorption isotherm, modeling the
interaction of nanofibers with both dyes (RB5 and MB). [35, 42] Adsorption isotherms are characterized by many models,
with the most commonly utilized for textile fibers being the Langmuir, Freundlich, BET, and Dubinin-Radushkevich mod-
els. [35, 42]

The Langmuir isotherm is extensively employed to characterize single-solute systems. [43] This isotherm posits
that intermolecular interactions diminish swiftly with distance, hence forecasting monolayer coverage of the dye on the
external surface of the nanofibers. The additional assumption is that adsorption takes place at specified homogenous spots
on the nanofibers' surface, with negligible interaction among the adsorbed species. The Langmuir isotherm is represented
by the subsequent equation:

— queKL
“"1+ck,
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Figure 10: Adsorbed Dye Concentration (a) and efficiency of dye adsorption (%) (b) of MB onto the surface of nanofibre

In this context, g, represents the equilibrium dye concentration on the nanofibres composite (mg/g), C. denotes the
equilibrium dye concentration in solution (mg/l), q,, indicates the maximum capacity of the nanofibres (mg/g), and K;
refers to the Langmuir adsorption constant (L/mg). By rearranging the components in the aforementioned equation, a line-
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ar representation of the Langmuir isotherm can be articulated as demonstrated in the subsequent equation. The graph of
1/q. against 1/C, yields a linear relationship characterized by a slope of 1/q.K; and an intercept of 1/qy,.

- = 4 — -
4, 9. \9.K.)\C,

The Freundlich isotherm effectively characterizes heterogeneous systems. [43] This empirical formula was utilized
to investigate the adsorption of dye compounds on the surface of nanofibers. The Freundlich isotherm equation is present-
ed below:

q(' :I(FC‘(}/’l

In this context, qe represents the equilibrium dye concentration on the surface of the nanofibres (mg/g), C. denotes
the equilibrium dye concentration in the solution (mg/l), K signifies the Freundlich adsorption constant (L/mg), and n
indicates the heterogeneity factor. The linear representation of the Freundlich isotherm is seen in the equation below. The
graph of In(q.) against In(C,) produces a linear relationship, characterized by a slope of 1/n and an intercept of In(Kp).

lanZInKF+llnCe
n

The third isotherm model employed in this investigation was the Brunauer-Emmett-Teller (BET) isotherm model. [44]
This model was employed to interpret the adsorption data, expressed in its linear form as:

= (Kh _l)(Kmeaxcx)-'- Kbc Ci
! (¢, -c.)K,-1)

max

C

In this context, C;represents the dye concentration adsorbed on the nanofibre composite surface, Cy denotes the dye con-
centration in the treatment bath, C,,,, indicates the maximum adsorption capacity of the nanofibres (mg/g), C; refers to the
saturation concentration of dye (mg/l), and Ky, is the constant that characterizes the energy of interaction with the nano-
fibres surface. The linear equation for the Brunauer-Emmett-Teller (BET) isotherm is:

¢ _ 1 [K-1)c
(Ci - Cs )C f K b Cmax K b Cmax Ci

The plot of (fcs/(ci _Cs)cf ) versus (C, /C, ) gives a straight line with the slope of ((k, -1)/(K, xC,,,)) and the
intercept of (1/(Kb - 1) ).

Additionally, the experimental results were analyzed using the Dubinin—Radushkevich (D-R) model to ascertain if
the adsorption process was physical or chemical in nature. The D-R equation is more comprehensive than the Langmuir
model as it does not presuppose a uniform surface, a constant sorption potential, or the lack of steric hindrance between
adsorbed and incoming particles. The linear representation of this model is expressed by the following equation.

Ing, =lng, - B €

In this context, q. (mmol/g) denotes the quantity of dye adsorbent per gram of nanofibers, qm (mmol/g) signifies
the maximum sorption capacity of the adsorbent, B (mol2.kJ™2) is a constant associated with sorption energy, and & repre-
sents the Polanyi sorption potential, which is determined by the subsequent equation:

1
E=RTIn(+—
( C)

e

In this context, R represents the gas constant, valued at 8.314 J-mol!-K™, and C, (M) signifies the dye equilibrium
concentration. The Polanyi sorption model posits a constant volume of sorption space next to the sorbent surface and the
presence of a sorption potential inside these areas. The sorption space surrounding a solid surface is defined by a series of
equipotential surfaces that possess identical sorption potential. The sorption potential is temperature-independent but
changes based on the characteristics of the sorbent and sorbate.
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The parameters B and q,, were derived from the slope and intercept of the Inge against the &> plot. The mean free
energy of sorption E (kJ mol™") necessary for transferring one mole of dye from infinity in the solution to the surface of
nanofibers can be calculated using the following equation:

1
E=(22D)

Every parameter value obtained from the curve fits using the aforementioned four adsorption isotherms are enu-
merated in. The Dubinin—Radushkevich isotherm is typically utilized to characterize the adsorption mechanism with a
Gaussian energy distribution on a heterogeneous surface. The method was often utilized to differentiate between the phys-
ical and chemical adsorption of both dyes (RB5 and MB) in their aqueous solutions, using the mean free energy, E, per
molecule of adsorbate, which represents the energy required to remove a molecule from its position in the sorption space
to infinity. The mean free energy, E values, rose with the concentration of chitosan in the nanofibers for both colors uti-
lized. The E values climbed from 0.98, 1.49, and 2.26 KJ/mol for RB5 dye, and 8.7, 13.87, and 20.41 KJ/mol for MB dye,
corresponding to the three examined nanofibers as the chitosan concentration in the nanofiber rose from 1% to 3%, respec-
tively. Denoting a chemo-sorption process (Table 5 and Table 6). [45]

The Langmuir adsorption model demonstrates superior alignment with the experimental data, as indicated by its
higher R? correlation coefficients compared to other models. Furthermore, the adherence to the Langmuir model indicates
that both employed dyes (RB5 and MB) can adsorb onto the active regions of the nanofibers, resulting in monolayer cov-
erage. Moreover, since the n value from the Freundlich model exceeds 1, it indicates favorable adsorption conditions
(Figure 11 and Figure 12). [46]

Table 5: Comparison between the parameters of adsorption isotherm models for RB5 on three different nanofibres with
chitosan

Nanofiber Parameter Langmuir model | Freundlich model BET model Dubml.n - Radush-
kevich model
R? 0.9876 0.004 0.9536 0.9585
Cax (mg/g) 0.055224 0.45 -0.70431 4.0002
K 4.755633 452.0641 -127.019
1/n 0.0016
. B 0.5233
Cell/Chito 1 E 0.98
RMSE 0.409 0.185 1.285 4.294
X 15.158 0.380 -11.725 23.051
SAE 54.589 53.059 59.905 48.153
ARE 84.457 153.680 298.237 1096.471
R? 0.9876 0.004 0.8743 0.9616
Cuax (Mg/g) 0.082836 0.68 -0.76132 1.8855
K 4.755633 677.6415 -180.329
1/n 0.0016
. B 0.2244
Cell/Chito 2 E 149
RMSE 0.379 0.394 1.352 1.796
X2 8.685 1.147 -12.007 8.558
SAE 54.414 52.381 60.304 50.267
ARE 80.308 209.092 314.281 524.379
R? 0.9796 0.004 0.1871 0.9593
Cnax (mg/g) 0.12133 1.02 -2.15312 1.3413
K 4.640864 1017.1851 -70.7238
1/n 0.0016
. B 0.0978
Cell/Chito 3 E 326
RMSE 0.339 0.778 2.994 1.156
X? 4.725 2.976 -20.811 4.986
SAE 54.221 51.364 70.047 50.812
ARE 84.434 292.210 706.019 377.144
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Table 6: Comparison between the parameters of adsorption isotherm models for MB on three different nanofibres with

chitosan
Langmuir model | Freundlich model BET model dulzll::::\l/lllclh_ r:f:(-lel
R’ 0.9908 0.0216 0.9468 0.9504
Conax (Mg/g) 1261034 1.75 3.152158 10215
K 91.85876 1577.6113 78.66179
1/n 0.0243
) B 0.0066
Cell/Chito 1 E 370
RMSE 0.733 0.822 2.190 0.844
X2 2.130 1.933 7.605 3.488
SAE 206.889 205.430 201.215 207.607
ARE 325.828 434.933 750.188 272.066
R? 0.9908 0.1216 0.9224 0.9519
Cinax (mg/g) 1.893939 2.62 -3.61464 1.0089
K 91.97538 2366.4645 -105.714
1/n 0.0243
. B 0.0026
Cell/Chito 2 E 1387
RMSE 0.920 1.608 5.979 0.852
X? 2.237 4.936 -49.453 3.599
SAE 204.990 202.809 237.653 207.645
ARE 467.849 630.971 946.989 269.261
R’ 0.9924 0.1216 0.5625 0.9384
Conax (Mg/g) 243139 3.93 *6.14545 1.0044
K 80.3201 3549.7682 -94.7159
1/n 0.0243
. B 0.0012
Cell/Chito 3 E 2041
RMSE 1.462 3.076 8.959 0.855
X2 4.309 12.033 -65.310 3.640
SAE 203.228 198.878 255.369 207.658
ARE 599.671 925.028 1540.015 268.244
4. Conclusion

In this comprehensive study, the characterization and processing of rice straw to manufacture nanofibers were thoroughly
explored, with a focus on enhancing adsorption properties for dye removal. The investigation revealed several key find-

ings:

Rice Straw Processing: Through pulping and bleaching using NaOH and NaClO,, rice straw experienced signifi-
cant delignification, resulting in a structure with markedly increased absorbency due to reduced lignin and ash
content.

Crystallinity and Structural Changes: The pretreated rice straw showed enhanced crystallinity, making it more
suitable for microbial interactions. X-ray diffraction confirmed that the bleaching process effectively increased
the crystalline cellulose content by removing amorphous lignin and hemicellulose.

Nanofiber Formation and Characterization: Electrospun fibers from rice straw were successfully generated,
showcasing varied structural attributes depending on solvent choice. The blending of chitosan with extracted cel-
lulose improved fiber morphology and consistency, leading to more desirable fiber properties for industrial ap-
plications.

Adsorption Efficiency: The resultant nanofibers exhibited impressive dye adsorption capacities, notably with
both RB5 and MB dyes. The pseudo-second-order kinetic model for RB5 and pseudo-first-order for MB best de-
scribed the adsorption process, suggesting that surface adsorption plays a crucial role.

Isothermal Studies: Langmuir isotherm models indicated monolayer adsorption on homogeneous sites, while the
increase in chitosan concentration in nanofibers correlated with improved adsorption capacity and energy inter-
actions with dyes. In summary, this study demonstrates the potential of rice straw-derived nanofibers as effective
adsorbents in textile dye removal. The integration of chitosan enhances structural and functional characteristics,
paving the way for sustainable environmental applications in dye pollution mitigation. Future research may fur-
ther optimize these fibers' performance in real-world scenarios and expand on other potential uses.
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